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Kurzfassung

Um die rasante Zunahme der Treibhausgasemission zu bremsen und damit die globale
Erderwarmung, ist ein schneller Umstieg von fossilen Brennstoffen auf erneuerbare
Energien unabdingbar. In dieser Hinsicht spielt die Photovoltaik (PV) eine entscheidende
Rolle, um eine effiziente Dekarbonisierung der globalen Stromerzeugung voranzutreiben.
Dafiir wird gegenwartig sowohl an bestehender Silizium-PV, als auch an neuen PV-
Technologien geforscht.

Der prominenteste Kandidat unter den neuen Technologien sind die Perowskit-
Solarzellen. Diese haben in den letzten 10 Jahren eine beispiellose Effizienzsteigerung
durchlaufen und erzielen heute Rekordwirkungsgrade (iber 25%. Die rasche Entwicklung
der Perowskit-basierten PV ist vor allem durch das Versprechen einer kostenginstigen,
effizienten und skalierbaren Technologie motiviert. Sie gilt zum einen als Konkurrenz zur
bestehenden Silizium-PV und zum anderen als Partner fir die Anwendung in
Perowskit/Silizium Tandem-PV. In dieser Hinsicht bietet die Perowskit-basierte Tandem-
PV die Aussicht, den derzeitigen Rekordwirkungsgrad von Silizium (c-Si) Solarzellen (=27%)
und sogar die Shockley-Queisser-Grenze fir Einfachsolarzellen (=34%) zu Ubertreffen.

Eine verbleibende Herausforderung, sowie ein aktuell stark untersuchtes
Forschungsthema von Perowskit/c-Si-Tandemsolarzellen, ist ihre geringere Lichtausbeute
im Vergleich zu konventionellen c-Si Solarzellen. Dies ist insbesondere auf zusatzlich
erforderliche Funktionsschichten, wie die transparenten Elektroden, Ladungstransport-
schichten und  Passivierungsschichten  zurlickzufiihren, die gemeinsam zu
Reflexionsverlusten und Verlusten durch parasitdre Absorption beitragen. Dies reduziert
sowohl den Wirkungsgrad (PCE) als auch den Energieertrag (EY) der Tandem-Solarzelle.
Um Reflexions- und Absorptionsverluste zu minimieren, ist ein fortschrittliches
Lichtmanagement unerldsslich. Da sich die realistischen Einstrahlungsbedingungen stark
von typischen Standardtestbedingungen unterscheiden (z.B. spektrale Variation und
variabler Einfallswinkel des Sonnenlichts), ist es zwingend notwendig, PV-Module nicht nur
fir den PCE, sondern auch fir den EY zu optimieren. Daher ist ein ausgekligeltes
Lichtmanagement nicht nur auf Tandem-Solarmodule beschrankt, sondern fiir jede Art von
Solarmodul wichtig.

In dieser Arbeit werden verschiedene Lichtmanagementkonzepte fir die Perowskit-
basierte-PV diskutiert und in Bezug auf den PCE und den jahrlichen EY bewertet. In diesem
Zusammenhang werden Mikrotexturen fiir eine verbesserte Lichteinkopplung an der
Luft/Glas-Grenzflaiche untersucht, was fir alle PV-Technologien relevant ist. Die
Mikrotexturen an der Vorderseite des Solarmoduls bieten die Moglichkeit, die Luft/Glas-
Reflexion fast vollstandig zu eliminieren und bei schragen Einfallswinkeln (z.B. 80°) um ca.
80%rel zu reduzieren. Die experimentelle Realisierung zeigt die Erhéhung des PCE um 12%el
bzw. 5% flUr planare und texturierte Siliziumsolarzellen. Dariiber hinaus werden
Mikrotexturen auf Perowskit/c-Si-Tandem-Minimodulen realisiert, die den PCE um 10%re




verbessern. Aufgrund der ausgezeichneten Winkelstabilitdt der Mikrotexturen spiegelt
sich die Verbesserung des PCE auch im EY wider, was durch Simulationen gezeigt wird, bei
denen die Verbesserungen im EY die des PCE um 2%yel Ubertreffen.

Zusatzlich zur ersten Grenzflache jedes Solarmoduls werden die Reflexionsverluste an
den vorderen halbtransparenten Indiumzinnoxid (ITO) Elektroden der Perowskit-
Solarzellen untersucht. Mit Hilfe von nanotexturierten Glas/ITO-Grenzflachen kdnnen
diese Verluste minimiert werden, was zu einem verbesserten Strom in der oberen
Perowskit- und unteren c-Si-Solarzelle fiihrt. Dies verbessert den Tandem-PCE um 2%re.
Dariiber hinaus sind die nanotexturierten Elektroden winkelstabil und versprechen in den
Simulationen eine Erhéhung des EY um 10%r, was hoher ist als die simulierte
Verbesserung des PCE um 9%rel.

Weitere nanophotonische Modifikationen der Absorberschicht der Perowskit-
Solarzelle fiihren zu einer verbesserten Absorption in der Ndhe der Bandliicke, indem das
einfallende Licht in quasi-geflihrte Moden eingekoppelt wird. Simulationen zeigen, dass
dies die Stromerzeugung in den Perowskit-Solarzellen um bis zu 6% verbessert. Erste
experimentelle Ergebnisse demonstrieren eine Verbesserung um 2%;e.. Dariiber hinaus
bieten die nanophotonischen Perowskit-Solarzellen eine einfache Maoglichkeit, den um-
weltschddlichen Bleigehalt in den Perowskit-Solarzellen bei gleichbleibendem
Wirkungsgrad, um 30%re zu verringern. Dariiber hinaus verandert die nanophotonische
Modifikation des Absorbers die Winkelabhangigkeit der Perowskit-Solarzellen nicht und
flhrt zu den dquivalenten Verbesserungen des EY.

Schlielich wird ein neuartiges Herstellungsverfahren fiir Perowskit-Solarzellen
vorgestellt, dass eine einfache Laminierung der Perowskit-Solarzellen ermoglicht. Damit
umgeht die Laminierung Inkompatibilitditen bei konventionellen Schichtabscheidungs-
techniken und bietet somit mehr Flexibilitat und Freiheit bei der Wahl der
Ladungstransportmaterialien fir die Perowskit-Solarzellenherstellung. Erste Prototypen
zeigen eine ausgezeichnete Langzeit- und Temperaturstabilitat der laminierten Perowskit-
Solarzellen mit einem PCE Uber 14%. Das vorgestellte Laminierungskonzept bahnt damit
den Weg fir eine direkte Laminierung von Perowskit-Solarzellen auf die bestehende
Siliziumtechnologie und hat so ein groRBes Potential fiir die aktuelle Perowskit-basierte
Tandemforschung.




Abstract

To slow the rapid increase in greenhouse gas emissions, and thus slow down global
warming, a rapid transition from fossil fuels to renewable energies is crucial. In this
respect, photovoltaics (PV) plays a decisive role in driving forward the efficient
decarbonization of global electricity generation. Currently, research is being conducted on
existing technologies such as silicon PV as well as on new PV technologies. The most
prominent candidate among the new technologies are the perovskite solar cells, which
have experienced an unprecedented increase in performance over the last 10 years, with
current record power conversion efficiencies (PCEs) exceeding 25%. The rapid
development of perovskite-based PV is mostly motivated by the promise of a cost-
effective, efficient and scalable technology, which is seen as a competitor to silicon-based
PV and partner for the existing silicon technology for tandem applications. In this respect,
perovskite-based tandem PV offers the prospect of exceeding the current record PCE of
crystalline silicon (c-Si) solar cells (=27%) and even the single junction Shockley-Queisser
limit (=34%).

A remaining challenge and currently strongly investigated research topic of
perovskite/c-Si tandem solar cells is their reduced light-harvesting compared to
conventional c-Si solar cells. In particular, this is due to additional required functional
layers such as the transparent electrodes, charge transport layers and passivation layers,
which all contribute to reflection losses as well as losses due to parasitic absorption. This
reduces the overall PCE and EY of the tandem solar cell. Therefore, advanced light
management is essential to minimize reflection and absorption losses. Since realistic
irradiation conditions differ greatly from typical standard test conditions (e.g. spectral
variation and variable angle of incidence of sunlight), it is essential to optimize PV modules
not only for PCE but also for EY. Thus, sophisticated light management is not limited to
tandem solar modules, but is important for any type of solar module.

In this thesis, various light management concepts for perovskite-based PV are
discussed and evaluated with respect to the PCE and the annual EY. In this context,
microtextures for improved light-incoupling at the air/glass interface are investigated,
which is relevant for all PV technologies. The microtextures at the front of the solar module
provide the ability to eliminate the air/glass reflection almost completely and reduce it by
around 80%rei for oblique incidence angles (e.g. 80°). Experimental realization
demonstrates the increase of the PCE by 12%e and 5%l for planar and textured silicon
solar cells, respectively. Moreover, microtextures on top of perovskite/c-Si tandem
minimodules are realized, which improve the PCE by 10%el. Due to the excellent angular
stability of the microtextures, this improvement in the PCE is reflected in the EY as well,
which is shown by simulations, where the enhancements in the EY exceed those of the PCE
by 2%rel.




In addition to the first interface of each solar cell architecture, the reflection losses at
the front semitransparent indium tin oxide (ITO) electrodes of the perovskite solar cells
are investigated. By means of nanotextured glass/ITO interfaces, these losses can be
minimized, resulting in an improved current in the top perovskite and bottom c-Si solar
cell. This improves the tandem PCE by 2%.. Furthermore, the nanotextured electrodes
are angular stable and promise an increase in EY of 10%re in simulations, which is higher
than the simulated improvement in PCE of 9%rel.

Further nanophotonic modifications of the absorber layer of the perovskite solar cell
itself leads to an improved absorption near the band gap by coupling the incident light to
quasi-guided modes. Simulations show that this improves the current in the perovskite
solar cells by up to 6%rel. First experimental results demonstrate an improvement of 2%el.
Moreover, the nanophotonic perovskite solar cells provide a simple way to mitigate the
environmentally harmful lead content in perovskite solar cells by about 30%r while
maintaining the same efficiency. Furthermore, the nanophotonic modification of the
absorber does not change the angular dependence of the perovskite solar cells and leads
to similar improvements in EY.

Finally, a novel manufacturing method for perovskite solar cells is presented, which
enables a facile lamination of the perovskite solar cells. With this, the lamination evades
layer incompatibilities in conventional layer depositions techniques, and thus offers
flexibility and brings freedom in the choice of charge transport materials to the perovskite
solar cell fabrication. First prototypes show excellent long-term and thermal stability of
the perovskite solar cells with PCEs above 14%. The presented concept of lamination paves
the way for the direct lamination of perovskite solar cells onto the existing silicon
technology, and thus has great potential for current perovskite-based tandem research.
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1 Introduction

Although human life on planet Earth becomes increasingly energy efficient, carbon dioxide
emissions will continue to rise unless there is a fundamental change in current policies and
technological trends. Under the Paris Agreement, the countries of the world committed
themselves to reducing these emissions and, in particular, to keeping the rise in the global
average temperature well below 2°C above pre-industrial levels [1]. This is a difficult but
inevitable target to achieve, since the global energy consumption is projected to grow up
to 30% through 2040, which is largely led by fossil fuels [2]. This growth is driven by further
increase of the world population and economic growth in the global “East,” while the
energy consumption in the “West” remains more or less constant. However, the
exponentially increasing consumption of fossil fuels cannot continue in its present form.
On the one hand, the availability of fossil fuels will simply and inevitably come to an end;
on the other hand, global warming is advancing steadily, which — if not prevented — will
have serious consequences for human life on earth. Therefore, particularly renewable
energy sources, such as solar and wind, are key to a sustainable future on planet Earth.
Since solar energy is abundantly available and a very versatile energy source, it can play a
crucial role on this important path.

The growth of the market for photovoltaic (PV) technologies brings economies of
scales [3]. Over the past two decades, a remarkable reduction in the manufacturing costs
of solar modules, mainly due to automated mass production, has made PV one of the most
important driving forces towards changing the global electricity mix [4,5]. Moreover, the
renewable power generation capacity is set to expand by up to 50% until 2024 [4].
Especially, among renewable energy sources, electricity generation from PV is predicted
to dominate the growth until 2040 (see Figure 1.1). Therefore, the rapid increase in solar
capacity is expected to significantly contribute to the share of renewable energy electricity
generation and is even projected to account for around 40% of global energy production
by 2050 [6]. Moreover, the growth of energy generation from solar PV together with wind
energy supports the renewables to overtake coal in the power generation mix (see Figure
1.1), so that by 2040 more than half of the total electricity generation is expected to stem
from low-carbon sources [4].
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Figure 1.1. Installed power generation capacity by source in the Stated Policies Scenario from 2000 - 2040.
The expansion of solar PV effectuates that renewables overtake coal in the global power generation mix.
Based on data from the IEA World Energy Outlook 2019 [4], www.iea.org/statistics. All rights reserved.

Looking at commercially available PV technologies, the learning curve shows that with
every doubling of cumulative module production over the last 40 years, prices fall by 24%
[5]. To uphold this trend and to meet the predicted steeply increasing demand of installed
electricity generation capacity in the future, the power conversion efficiency (PCE) of solar
modules must be further increased. The steep increase in predicted PV capacity already
manifests in the ‘International Technology Roadmap for Photovoltaic 2019’, which
identifies a growing share of high-efficiency PV modules, and the appearance of bifacial
and tandem modules in the next couple of years [7]. Bifacial PV utilizes incident light from
both sides and tandem PV combines two absorbers of different optical band gaps that each
harvest a different share of the solar spectrum, both resulting in an increased PCE
compared to conventional single-junction monofacial architectures.

In addition, a number of new PV technologies have emerged in recent years, which are
intensively researched worldwide, such as various thin-film technologies. The most
prominent candidate in thin-film PV nowadays is the perovskite solar cells. The
comprehensive research on perovskite-based PV over the past decade led to rapid
advances with PCEs exceeding 25% nowadays [8]. The recent developments in perovskite
PV has been largely underpinned by progress in material composition [9,10] and
morphology of the perovskite absorber layer [11] as well as in device architectures [12] by
employing passivation layers [13,14] or optimizing hole- and electron-transport layers
[15,16].

Perovskite semiconductors continue to attract enormous attention due to their
outstanding optoelectronic properties, such as high absorption coefficients, high carrier
mobilities and low recombination rates [17,18]. Besides, their widely tunable band gap
(1.5- 2.5 eV), possible by compositional variations of the halide anion in the perovskite
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crystal structure [19], allows strong light absorption in a broad spectral range [20]. These
properties as well as low material costs and a wide range of possible — potentially scalable
— deposition techniques [21], qualify perovskite semiconductors as promising candidates
for two possible applications: Firstly, it might become an alternative to silicon-based PV,
which currently dominates with a market share of =95% [5], especially for applications
where rigid silicon substrates cannot be employed. Secondly, it could be used as the wide
band gap top solar cell in next generation tandem PV in combination with existing low
band gap bottom solar cells such as crystalline silicon (c-Si) or copper indium gallium
selenide (CIGS) [22,23]. In this regard, particularly perovskite/c-Si tandem solar cells offer
the prospect of exceeding the current record PCE of c-Si solar cells (x27%) and even the
single junction Shockley-Queisser limit (=34%) [24,25].

However, one key challenge of perovskite/c-Si tandem solar cells to date is their
inferior light-harvesting ability compared to single-junction c-Si solar cells [26]. Aside from
the two photoactive materials, additional transparent electrodes, charge transport layers,
and passivation layers are necessary. This results in reflection losses at the various
interfaces as well as parasitic absorption. Especially, loss of the near infrared (NIR)
radiation in the perovskite top solar cell reduces the available energy for the bottom c-Si
solar cell, limiting the overall tandem PCE. Therefore, it is vital to employ light
management concepts in order to reduce these reflection and transmission losses.

Sophisticated light management is not limited to tandem solar modules, but is
important for any type of solar module. Moreover, the energy harvesting of PV modules
needs to be optimized under realistic irradiation conditions, which must consider the
varying angles of incident sunlight as well as the spectral composition of the solar
irradiance. Accounting for these effects, the energy yield (EY) of solar modules is by far
the superior measure than the PCE, which is determined under standard test conditions.
In order to minimize the optical losses for a large range of incident angles and a broad
spectrum, optimized light management concepts are paramount in PV modules to achieve
highest PCEs and EYs. In this regard, the fundamental strategies encompass to: (i) improve
light-incoupling at the front surface [27-30], (ii) enhance light absorption in weakly
absorbing spectral regions by light trapping [31,32], and (iii) reduce reflection and parasitic
losses in contacts, passivation’s and charge transport layers [33—-35].

In order to implement these concepts, textures of different dimensions can be utilized.
Firstly, textures much smaller than the wavelength of the visible light — so called
nanotextures — can be implemented to reduce reflection losses at material interfaces of
solar modules. The nanotextures act as an effective medium for the incident light and the
gradual change in refractive index through this interface drastically reduces reflection
losses. Prominent examples are the subwavelength structures of the moth eye [36—38]
and butterfly wing [39], as well as black silicon [40,41] and nano-porous coatings [42,43].
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Secondly, light trapping and nanophotonic effects are achieved by mesoscopic textures
with dimensions in the order of the wavelength. Here, plasmonic nanotextures [44,45] and
photonic crystals [46-50] have been developed to guide and localize light within the
photovoltaic devices to enhance the absorption. Moreover, diffraction gratings [51-54],
randomly textured scattering surfaces [55,56], nanowire networks [57], and
metamaterials [58] have evolved as important concepts for improved light harvesting in
photovoltaic devices.

Thirdly, microtextures with dimensions on the order of multiple wavelengths can be
employed to reduce surface reflection and enhance light trapping by increasing the path
length of light inside the absorber layer. Here, the most prominent representative are the
random pyramids on mono-crystalline silicon solar cells. In case of thin-film solar cells, for
which layer thicknesses are limited to a few 100 nm, micro-texturing of the absorber is
typically not applicable. Here, microtextures are usually applied in the form of a
transparent polymer [59], and first work by our group already demonstrated the
integration in a module front glass cover [30]. These non-invasive implementations at the
front surface of the modules are of high significance, since they leave the absorber layer
unaffected and makes the employment independent on the architecture and technology.
Moreover, carefully designed micro-scaled textures can be applied on the front glass
encapsulation of all kinds of solar modules to reduce the air/glass reflection.

Similar to thin-film anti-reflection coatings (quarter wavelength films), mesoscopic
textures are usually optimized for a specific wavelengths and angular range, whereas
nanotextures and microtextures do not show any spectral and only a low angular
dependency on their light-incoupling properties. In addition to the efficient broadband
incoupling of light up to high angles of incidence, the microtextures, provide retro-
reflection properties. The retro-reflection redirects light, reflected by the solar cell, back
to the solar cell, and thus causes an increase in the probability of absorption.

Each of these mechanisms can lead to significant enhancements in the total EY of a
specific architecture and PV technology. The scope of this thesis is the development and
evaluation of advanced light management concepts for perovskite PV. In this regard, the
thesis focusses on improved light-incoupling and harvesting by microtextures. These
microtextures are applied on silicon-, perovskite and perovskite/c-Si tandem solar cells and
show enhanced PCEs as well as enhanced EYs. Moreover, nanotextures are employed to
reduce the reflectance losses at the front semitransparent electrodes of the perovskite
solar cells by introducing an effective refractive index gradient for the incident light. In
addition, the intrinsic absorption properties of the perovskite absorber are tailored by
imprinting mesoscopic textures inside, creating nanophotonic coupling of the incident light
to the absorber layer itself. Finally, a novel method is demonstrated that enables facile
lamination of the perovskite solar cells, thus providing flexibility and more freedom in the
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choice of materials, paving the way for potential new manufacturing processes for
perovskite-based tandem PV.

Outline of the thesis

Chapter 2 provides the reader with the fundamental knowledge to understand the content
of this thesis. Therefore, the chapter discusses the working principle of solar cells and the
characteristic parameters to describe its performance. Next, the fundamentals on light and
matter interaction are described briefly. Finally, the basics and limits of light management
are discussed.

Chapter 3 introduces the optical simulation methods, the fabrication methods and the
characterization tools. In Chapter 4, the methodology of energy yield modelling is
discussed and the in-house developed framework is demonstrated. In each of the
following chapters, this framework is used to test the influence of the presented light
management concepts in relation to the EY.

Chapter 5 presents the work on improved light-incoupling by employing microtextures.
Different artificial microtextures as well as biomimetic textures are utilized to enhance the
current generation, and thus the power conversion efficiency of planar and textured
crystalline silicon as well as perovskite/silicon tandem solar cells.

In chapter 6, nanophotonic front electrodes are demonstrated, which improve the light
incoupling into the perovskite and perovskite/silicon tandem solar cells by reducing the
reflection losses at the front transparent electrode.

Chapter 7 summarizes the results on nanophotonic perovskite solar cells, in which the
perovskite absorber layer itself is patterned by thermal nanoimprint lithography. The
nanoimprinted perovskite solar cells demonstrate improved current generation due to the
coupling of incident light to quasi-guided modes in the perovskite absorber layer,
increasing the absorption close to the band gap of the perovskite.

In chapter 8, the lamination of perovskite solar cells via two separately processed half-
stacks is presented. This enables more freedom in the choice of charge transport materials,
since it eliminates process related issues in the layer-by-layer deposition. In addition, two-
terminal perovskite-based tandem solar cells might benefit from this facile lamination
technique, since the perovskite layer stack could be laminated directly on top of the
bottom solar cell.

Chapter 9 summarizes the key results of the thesis and aligns the achievements with
their current state of research. Moreover, it provides an outlook for each of the presented
topic.







2 Fundamentals

This section describes the fundamentals of photovoltaics by deriving the working principle
of solar cells, followed by a brief description of the interaction between light and matter.
Finally, the fundamental limits of light management are discussed.

2.1 Working principle of a solar cell

A solar cell is an electrical device that converts light directly into electrical energy. The
physical basis of the conversion relies on the photovoltaic effect, which is a special case of
the internal photoelectric effect. The fundamental steps involve: (1) absorption of an
incident photon in the absorber material, (2) the generation of a bound electron-hole pair
(exciton), (3) the separation of the photo-generated charge carriers, and (4) finally the
collection of the photo-generated charge carriers at the terminals of the junction (see
Figure 2.1a).
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Figure 2.1. (a) Schematic of the main physical processes taking place inside a solar cell. (b) Schematic band
diagramm of a p-i-n solar cell under illumination close to open-circuit conditions.
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In this regard, only photons with energy above that of the band gap Eg of the absorber
material can be absorbed. Photons with lower energy will pass though the material or will
be reflected at its interface. The surplus of energy of the photons with higher energy is
converted to heat (thermalization loss). The generated electron-hole pairs are meta-stable
and will only exist, on average, for a time equal to the minority carrier lifetime before they
recombine. If the carriers recombine, the light-generated electron-hole pair is lost and no
current or power can be generated. Therefore, efficient collection of these carriers is
needed.

In general, a p-n homojunction or p-i-n heterojunction is used to spatially separate
electrons and holes. Typically, the silicon solar cell forms a p-n junction by doping the
intrinsic silicon and forming a junction of the n and p doped materials. In this regard, the
difference of the quasi Fermi energies of the valence band holes (p-doped) and the
conduction band electrons (n-doped) are the driving mechanism for the separation of the
charges [60]. The principle of a heterojunction is to form a similar junction by sandwiching
an intrinsic absorber between a n-type and p-type conductor, namely the electron and
hole transport layers. Their band gaps differ from the absorber band gap, so that the
contacts between them and the absorber act as p-n-like membranes. The p-i-n structure
therefore links to perovskite solar cells, where charge transport (also: charge extraction)
layers surround the perovskite absorber material (see Figure 2.1a).

Within the p-i-n-junction, the (generated) free charge carriers are separated by a
gradient in the electrochemical potential [61]. The electrochemical potential is the sum of
the chemical and electrical potential. A gradient in the chemical potential (inhomogeneous
charge distribution) leads to diffusion of the charge carriers. A gradient in the electric
potential leads to a drift of the charge carriers. The electrochemical potential is
tantamount with the quasi-Fermi energies Er. and Ern of the electrons and holes in the
non-equilibrium state of the illuminated absorber (see Figure 2.1b). In the dark, the Fermi-
levels are in equilibrium. Under illumination, the concentration of minority carriers
(electrons in the p-type region and holes in the n-type region) strongly increases.
Therefore, the Fermi energies split up into quasi-Fermi energies of the electrons and holes.

Under open-circuit conditions (no connection between the n-type and the p-type
regions), no net current can flow inside the p-n junction. The open-circuit voltage Voc
measured is equal to the difference in the quasi-Fermi levels of the majority carriers.

Under short-circuit conditions (n-type and p-type region is connected), the
electrostatic potential barrier is not changed. However, due to a strong variation of the
guasi-Fermi levels inside the depletion region, a net current is flowing inside the
semiconductor. This photo-generated current /pn is also called the short-circuit current /sc.

When an external load Vis applied between the electrodes of the illuminated junction,
only a fraction of the photo-generated current will flow through this external circuit. The
difference of the electrochemical potential between the n-type and p-type regions will be
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lowered by the voltage drop due to the external load. This lowers the electric potential
over the depletion region and results in an increase of the recombination current /rec. The
relation between the net current / under an applied voltage V is then given by:

(V) = Irec(V) - Igen(V) - Iph
qV
= IO (EXp (kB—T) - 1) - Iph ’ 2.1.

where [p is the dark saturation current, g the charge of an electron, ks the Boltzmann
constant and T the temperature.

To describe the performance of a solar cell, characteristic parameters are derived from
the current-voltage characteristics (see Equation 2.1), which is illustrated in Figure 2.2a.
Firstly, the short-circuit current density Isc, which gives the maximum current and is
obtained at V=0. Secondly, the open-circuit voltage Voc, which is measured when the
output terminal is opened and [ is therefore zero. Thirdly, the maximum output power
Pwmpp, which is defined by the maximum power point of the solar cell. The maximum power
point is defined as the point where the product of Ve and Imp maximizes and one therefore
finds the largest possible rectangle below the /-V characteristic. The ratio of the Pwmpep to the
product of Isc and Vocis called fill factor:

P Vip * I
FF = MPp_ _ Vmp " wp

= = . 2.2.
Isc- Voc  Isc- Voc

Finally, the power conversion efficiency of the solar cell is given by the ratio of maximum
output power Pypp and input power Pin.

Pyvipp _ Voc " Isc - FF

PCE = 2.3.
Pin P;
(a) (b) \
Current | EQE
Ideal EQE
1
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| MPP
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Figure 2.2. (a) Schematic current-voltage characteristics. The current at zero voltage V is defined as the short-
circuit current Isc. The voltage at zero current is defined as open-circuit voltage Voc. The maximum power
point (MPP) defines the current IMP and voltage VMP, where the maximum power PMPP is obtained. The
square PMPP to the product of ISC and Voc is the FF. (b) Illustration of an ideal external quantum efficiency
(EQE) and of a more realistic one (blue). The difference is due to surface recombination at short-wavelenghts,
overall reflection losses, and weak absorption or surface recombination close to the band gap.
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Besides the /-V characteristic, also the external quantum efficiency (EQE) is commonly
used to describe the performance of a solar cell. The EQE is defined as the ratio of collected
charge carriers to the number of incident photons and is therefore dependent on the
energy of the photons.

EQE = —e 2.4

QE = N, 4.

Below the band gap of the solar cell, the EQE is zero (see Figure 2.2b). From the EQE, the

spectrally dependent behavior of a solar cell can be analyzed by its product with the
spectral irradiance ®.

_ 1
Jsc = e f EQE(1) ®©(2) dA 2.5.

Maximum efficiency of a solar cell:

In order to derive the maximum obtainable efficiency of a photovoltaic device, various
derivations have been published. The upper most limit is the thermodynamic limit, which
simply derives from the Carnot heat engine:

, 2.6.

which leads to an efficiency limit of 95% when taking a solar cell at 300 K and the sun’s
temperature of 6000 K. Obviously, more realistic considerations have to account for the
intrinsic properties of energy conversion in a solar cell. In this regard, Shockley and
Queisser where the first in 1961, examining the amount of electrical energy that is
extracted per photon of incoming sunlight [62]. Here, the maximum efficiency, which can
be obtained by a photovoltaic device is derived with the principle of detailed balance and
rely on the most basic physics only.

In their original form, the Shockley-Queisser (SQ) limit makes several fundamental
assumptions. Similar to above, the sun and the solar cell are treated with their
temperature and considered as black bodies, radiating at their specific temperature. It is
assumed that all incident photons with an energy E=hv above the band gap E; of the
absorber will be (completely) absorbed. Moreover, the mobility of the charges is infinite,
allowing to collect of carriers irrespective of their position of generation. Two scenarios
are considered (see Figure 2.3): An absorber temperature of 0 K, which leads to the so
called ‘ultimate efficiency’; and an absorber temperature of 300 K, which gives the SQ
limit. In the latter, radiation through the black-body radiation effect is considered via
radiative recombination of electron-hole pairs. Considering the recombination of electron
hole pairs, the maximum achievable efficiency recedes from =44% to =34%. In Figure 2.3,
the ultimate efficiency is derived for the sun treated as a black-body radiating at 6000 K —
for the SQ-limit, a more realistic spectrum (AM1.5G) is used. The AM1.5G spectrum is
defined as the irradiance of the sun at 41° above the horizon, which corresponds to an air
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mass of 1.5 atmospheres, onto a solar cell that is tilted by 37° from the horizontal. The
total irradiance sums up to 1000 Wm. In the original derivation, the SQ-limit accounted
for a blackbody radiation of the sun at 6000 K instead of the AM1.5G spectrum — and is
therefore slightly lower. This is due to the atmosphere absorption of photons with energies
<1 eV, simply reducing the overall heating of the solar cell.

In the SQ limit, due to the principle of detailed balancing and allowing for the
recombination of electron-hole pairs, the efficiency is reduced compared to the ultimate
efficiency. It is assumed that the recombination rate depends on the voltage V across the
cell, but is constant irrespective of the illumination conditions. Thus, the rate, is
proportional to exp(V/V.) times the blackbody radiation above the band-gap energy. In
this regard, V. is the thermal voltage. The efficiency defined by the SQ limit then depends
on the ratio of open-circuit voltage Voc to band-gap voltage V:

V
v =5 2.7.
g
on the ultimate efficiency factor u as well as on the impedance matching factor m:
m = ZIZII/ZOC 7 — Vmax
1+ zy, —exp(—zy)’ N /A

Zoc = Zm +1In(1 + z), 2.8.

whereas the m gives the ratio of power extracted and is therefore linked to the FF of the
solar cell. In total, the SQ efficiency limit is simply the product of those quantities [62]

Nsq=t-u-v-m, 2.9.
with ts being the fraction of generated electron-hole pairs. It should be noted that u, vand

m depend particularly on the band gap of the absorber and on the above discussed

quantities.
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Figure 2.3. The Shockle-Queisser (SQ) limit for the maximum efficiency of a single-junction solar cell under
unceoncetrated sunlight at 300 K. The ultimate limit assumes the sun as black body with a temperature of
6000 K and the cell at 0 K. For the SQ limit, the more realistic AM1.5G spectrum is choosen and the solar cell
temperature is 300 K.
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Figure 2.4. (a) AM1.5G irradiance spectrum with corresponding thermalization and extraction loss for a
silicon solar cell (band gap Es=1.12 eV) within the principle of detailed balance by Shockley-Queisser. (b)
Illustration of a perovskite (Ec = 1.72 eV) and silicon (Es=1.12 eV) tandem solar cell. The model assumes an
incident AM1.5G irradiation and is performed according to ref. [63].

The unavoidable extraction loss related to the detail balancing between the collection
of carriers at a high electrical potential and collecting those carriers before they recombine
is also illustrated as extraction loss in (Figure 2.4a). Here, the share of utilizable photons
for an idealized silicon solar cell is depicted compared to the AM1.5G spectrum. Besides
the fundamental radiative recombination, there are a number of other factors, which
further reduce the theoretical power of a solar cell. In this regard, finite mobilities and
non-radiative recombination will be the most dominant effects.

However, it is also possible to substantially exceed the proposed efficiency limit by
Shockley and Queisser by various scenarios. The most interesting examples are the multi-
junction or tandem solar cells, allowing the absorption of the sunlight by multiple
absorbers. Therefore, the thermalization losses will reduce proportional to the number of
absorbers and efficiencies of up to 42% (for two absorbers), 49% (for three absorbers), and
68% (for infinite absorbers) are theoretically examined [64]. For a tandem solar cell with a
band gap of 1.12 eV (silicon) and 1.72 eV (perovskite), the share of useful spectrum is
illustrated in Figure 2.4b. It should be noted that the illustrated data in Figure 2.4 is higher,
since it is derived with the AM1.5G spectrum and not, as was done in ref. [64] with a
blackbody radiation spectrum (see explanation above).

In addition to multi-junction PV, the concentration of sunlight — and therefore the
intensity — makes it also possible to exceed the SQ limit. This increases the theoretical limit
to =40% for only one absorber and to =86% for a multi-junction consisting of an infinite
number of absorbers. Moreover, it is possible to upconvert low energy photons and re-
emit them at higher energies (up-conversion), which theoretically leads to =73% [65].
Similar, the down-conversion of high energy photons could be used to reach =40% [66].

12
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2.2 Light-matter interaction

Light propagation in matter can be described by the theory of electromagnetic fields
[67,68], which is based on Maxwell’s equations [69]. In this regard, the Maxwell equations
describe how electric E and magnetic fields H interact with each other and with electric
charges and electric current under given boundary conditions.

V- B(r,t) =0 2.10.
V-D(r,t) = p(r,t) 2.11.
VxE(,t) =— OB(r, O 2.12.
ot
aD(r, t)

VxH(r,b) =J(r,t) + 2.13.

Jt

In this regard, D is the dielectric displacement, B the magnetic field flux density, J the free
electric current density and p the free charge density. Here, D and B include the material
response on time-varying electric and magnetic fields, respectively. Since, the material
response is described by a convolution in time domain, a transformation to frequency
domain simplifies the relationship between D and E, as well as between H and B, which
are then given by the constitutive relations:

D(r,w) = €xE(r,w) + P(r, ) = €p€e-(r, w)E(r, w), 2.14.
B(r,w) = poH(r, w) + M(r, ) = o (r, 0)H(r, ), 2.15.

where P is the polarization, M the magnetization, €g is the vacuum permittivity, €, is the
dielectric function, po the vacuum permeability and pr the relative permeability. For
homogeneous, non-magnetic, isotropic materials with linear response to external fields,
and no free charges, the Helmholtz wave equation(s) can be derived by the Maxwell
equations:

2
A(E, H}(r, ) = — (;)—ze(u)){E, H)(r, ). 2.16.

The general solution of these wave equations are linear superpositions of plane waves:
{E, H}(r, ) = {Eg, Hp}(k, w)e'¥T, 2.17.
where Ep and Hp are the corresponding amplitudes and k denotes the wave vector, which

is linked to the complex refractive index fi.

w? ) oo
k? = C—Ze(w) -  k(w)= Fw/e(w) = ?ﬁ with 7 = n(w) + ix(w), 2.18.
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where n indicates the phase velocity and k denotes the extinction coefficient. For k # 0,
some part of the light when traveling through a medium will always be attenuated. The
intensity | at a position z is described by the Lambert-Beer law:

2k(w)o
I(z) =lpe ™ =le ¢ 7 2.19.
with a defined as the absorption coefficient.

On incidence onto the interface between two media with complex refractive indices n1
and ny, the plane wave can partially reflect, refract and transmit. Considering the plane
wave propagating towards a planar interface with the wave vector ki under an angle 6;
with respect to the face normal, the Snell’s law is derived by considering that the parallel
component of the wave vector k) is continuous.

kjj1 = k2
n; sinf; = n, sin 6, 2.20.

Since the reflected wave remains in the first medium with ni, the reflected 6, and
incident angle 6; are the same. Since the parallel component of the electric field Ej and the
magnetic field H) are continuous at the interface, as is the normal component of the
dielectric displacement D1 and the magnetic field flux density B1, the Fresnel equations
can be derived:

71, cos B; — 71, cos 6 2114 cos 6;
S fi; cos6; + 7, cos 6, $ fi; cos B; + fi, cos B,
i, cos 6; — i, cos 6, 2114 cos 6;
Ty == — , p == — , 2.21.
i, cos 6; + 714 cos 6, i, cos 0; + i, cos B,

which describe the complex reflection and transmission coefficient of a perpendicular (s)
and parallel (p) electromagnetic incident wave. The respective observable quantities —the
reflectance Rsp and transmittance Ts, then given by:

Rgp = |Ts.p|2'

1, cos 6
Top = gn( - t)lts,lolz-

_— 2.22.
71, cos 6;

2.3 Limits of light management

The Yablonovitch limit is the thermodynamic limit of light trapping is expressed by the
maximum path length enhancement inside an absorber [70]. This is reached by coupling
light to all possible optical modes inside the absorber. In this regard, the entire phase space
volume has to be filled by a scattering process (randomization) at the interface of the
surrounding medium and the absorber. In case of vanishing absorption, a perfect
randomization is achieved by Lambertian light trapping. For small absorptions,
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deterministic light trapping has to be employed instead [34]. The maximum path length
therefore derives to:

logs = 4n%d 2.23.

where n is the refractive index and d the thickness of the absorber. The factor n? comes
from the fact that the density of states in the absorber is n? higher than in the surrounding
air. In addition, detailed balancing of incident and escaping light brings a factor 2 due to
the reduced outcoupling considering the escape cone. Another factor of 2 comes due to
the assumption of one-sided illumination, where on the other side of the optical medium
a white rear reflector is placed. By this, the number of escape channels for the light reduces
by half and in turn increase the internal intensity by a factor of 2.

The equation was derived by Yablonovitch for a weakly absorbing material in the limit
of geometrical (ray) optics when d > A/2n, for an ergodic system and isotropic
absorptance. Therefore, introducing angular selectivity by restricting the incident light
within a light cone of half angle 8q, the Yablonovitch limit adjusts according to Minano [71]
to:

4n%d

=—. 2.24.
Sil’l2 Hm

Letr

This means that the light enhancement and therefore the light trapping can
substantially exceed the 4n? limit. However, this comes along with the condition that the
light trapping for other angles get worse. Even in the case of nanophotonic light trapping,
the absorption enhancement factor remains valid for gratings with periods in the order of
the wavelengths of the visible light [72]. Although, Yu et al. presented enhancements in
the order of 12 x 4n?, which is possible with a strong subwavelength-scale electric-field
confinement, the thermodynamic limit reduces again to Equation 2.24 or 2.23 if the full
phase-space (angles and wavelengths) are taken into account.

15
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This section describes the fundamentals on the optical simulations used in this work. In
particular, raytracing, the finite element and the transfer matrix method are discussed.
Moreover, the section provides details on the fabrication and replication of micro- and
nanotextures as well as the characterization of solar cells.

3.1 Optical simulations

Optical simulations are a powerful tool for advancing light management concepts in PV.
Within this thesis, micro- and nanotextured layers have been numerically modelled to
assess, predict and optimize their light management capabilities. Since, the adequate
choice of methods depends mostly on the ratio of the wavelength of interest and
dimension of the texture and simulation domain, different methods have been used. For
large textures compared to the wavelength, the raytracing method describes the optical
response accurately. In this regard, the light propagation is described by rays, which follow
the Fermat’s principle. For textures close or below the wavelength of the light, Maxwell’s
equations have to be solved rigorously by wave-optical methods. To simulate the
propagation of light in three-dimensional domains with such small feature sizes, the finite
difference time-domain method (FDTD) and the finite element method (FEM) have been
used.

3.1.1 Raytracing

When light propagates through or inside objects whose dimensions are much larger than
the wavelengths of the light, the wave nature of the light does appear and its behavior can
be described by single rays. Those rays follow the Fermat’s principle, which states that the
optical lengths of the rays are minimum between two points of propagation. Therefore,
the path of each ray though a homogenous media are straight lines. At an interface
between two media of different refractive indices, rays can reflect and refract according
to the Fresnel equations and Snell’s Law. With raytracing, arbitrary geometrical shapes can
be modeled by using a large number of rays impinging onto the texture of interest. The
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rays therefore interact with the geometry and either reflect, refract, absorb and finally end
up in a detector. The detector may either be a planar or spherical surface. The number of
rays compared to the incident number of rays provides statistical information about the
quantities like reflectance or transmittance. In addition, the angle of each ray can be
tracked, which enables the description of the angular distribution of the reflected and
transmitted light.

3.1.2 Finite difference time domain method

For textures with dimensions and features in the order or smaller than the wavelength of
interest, the ray optics approximation is no longer valid. The problem must therefore be
addressed with wave optics simulations. In this regard, the finite difference time domain
(FDTD) method offers to solve the time-dependent Maxwell’s equations for complex
geometries. The idea of the FDTD method is to discretize the Maxwell’s equations in a
differential form, both, in time and space by the central difference approximation. This
method was proposed by Yee [73]. The electric and magnetic fields are then calculated on
the discrete values of the spacial grid and advanced in time.

The Yee method can be easily illustrated in one dimension. For this purpose, the
propagation of a plane wave in the charge- and current-free space is assumed. Thus, the
Ampére's law and Faraday’s Law simplify to:

dHy = ——0,E,. 3.1.

Next, the derivatives are replaced by the central difference approximation:

1 1
n+s n— 1 1
By 200 — By 200 _ 1 Hy(k+5) -1y (k—3)
At €o Az ’
Hn% e 1 anck o L n+d n+d
y “(k+7)—Hy( +7)=_i_EX k+1)—E, %(k) 2
At Ho Az ' o

To decouple the two equations, the electric and magnetic fields are shifted by half a Yee
cell in space and time and updated by the leapfrog method [74]. Therefore, each field
component is solved at a slightly different location within the Yee cell (see Figure 3.1).

Firstly, the electric field at each location (k) is calculated for the time step (n + %) At from

1
the electric field E: 2(k) and the magnetic field at nAt. Secondly, the magnetic fields

1
+_
H; 2 (k + %) are calculated analogous. In this regard, all magnetic and therefore all electric

fields are calculated for each time step.
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Figure 3.1. Illustration of the leapfrog method to calculate the E and H fields through both space (x) and
time (t). Adapted from ref. [75].

Due to the time-marching nature of Yee’s algorithm, electromagnetic waves physically
propagate through the FDTD lattice in time steps of At. This iterative method is performed
until a desired time step, when the change in the electric and magnetic fields are below a
certain threshold.

3.1.3 Finite element method

Next to the FDTD method, the Maxwell’s equations can be solved by the finite element
method (FEM). The FEM provides a general approach to solve numerically a set of partial
differential equations with certain boundary conditions. For electromagnetic problems,
the FEM solves the Helmholtz equation either for the electric or magnetic field for arbitrary
boundary conditions. A detailed description is beyond the scope of this thesis and can be
found e.g. in ref. [76]. However, the basic structure of the FEM is outlined in the following.

The FEM is characterized by a variational formulation, a discretization strategy, a
solution algorithm and a post processing procedure. First, the entire continuous domain is
discretized by a finite number of small elements characterized by nodes and edges. In
three dimensions, these small and finite elements are usually tetrahedrons or
hexahedrons. This reduces the infinite number of degrees of freedom to a problem with a
finite number of degrees of freedom. Subsequent, Ansatz functions with free parameters
are defined to approximate the solution at each node. These functions also interpolate the
solutions between the discrete values obtained at the mesh nodes. The physical problem
therefore reduces to a finite set of functions and finite number of unknown parameters.
Next, a system of algebraic equations is obtained by a variational formulation and a
solution is obtained for the whole domain by solving this system of equations. From the
field solution at the discrete nodes, all relevant quantities like the power flow or the
absorptance are derived by a post-process.

It should be noted that this solution converges numerically towards the exact solution
by either increasing the number of mesh points used for the discretization of the
calculation domain or by increasing the polynomial order of the test function.
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3.1.4 Transfer matrix method

The reflectance and transmittance at a single planar interface between two isotropic and
homogenous dialectic materials is described by the Fresnel equations. However, for thin-
film layer stacks with multiple parallel interfaces, the calculation elaborates, since partially
reflected and transmitted light leads to interferences. The overall reflectance and
transmittance are therefore an infinite sum of reflections and transmissions.

However, in such a multilayer dielectric stack with an infinite lateral extend and a finite
extension in vertical (propagation) direction, the propagation of electromagnetic waves
reduces to a one-dimensional problem. For this, the transfer matrix method (TMM)
provides a simple formalism to calculate the light propagation [77]. According to the
Maxwell’s equations, there are continuity conditions for the electric field across the
interfaces from one medium to the next. Therefore, if the field is known at the beginning
of a layer, the field at the end of the layer can be derived from a simple matrix operation.
A matrix T can be assigned to the system, which relates the incident and reflected waves
at one side of the multilayer stack to the incident and reflected wave at the other side of
the stack.

Considering a multilayer stack with N layers with complex refractive indices i and N+1
interfaces (see Figure 3.2), the transfer matrix T can be derived as follows. For incoming
waves from both sides of an interface m, the amplitudes of the outgoing waves E,,\.; and
E,, are a superposition of the reflected wave in this medium and the transmitted wave
from the next medium.

+ o+ —
Env1 = Entmmer T Ems1Tmeim
- _ - +
Em = Emsitmeim + EmTmmen 3.3.

The subscript defines the medium m, and the superscripts the direction + (left) and — (right)
of the propagation. A prime indicates a wave at the right-hand side of an interface.

~

~

Ng ny Nm-1 Nm Nn-2 Nn-1 Ny
Eo | E4 Em-1 Em-1| Em En-1| En En | Ens1
4—_ 4T ‘I_ - = f.‘_ -« = — = “_
Eo | E; Em1  Em1| Em En-1| En En | Ens1
Py Pm-1 Pn-1

Figure 3.2. The schematic principle of the transfer matrix method for a multilayer system composed of N
layers with complex refractive indices fii with N+1 interfaces. The electric field amplitudes E; are defined
before and after each interface. The subscript indicate the medium, the superscript the direction (+, right
and -, left) of the wave, and the prime indicates waves on the right-hand side of an interface. The figure is
adapted from ref. [77].
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For the m-th interface, the field amplitudes on the left- and right-hand side of the
interface are related by an interface matrix D,,,_; ,,, which describes the reflection and
transmission occurring at this interface.

(E,’;l_l):D E'm)__ 1 [ 1 rm_l,m] E'"} 3.4
771—1 m-tm Erln_ tm—l,m Tm-1,m 1 Er’n_ o

The t,,_1,m and 71,_q.,, are the transmission and reflection Fresnel coefficients,

respectively. Therefore, the interface matrix connects the amplitudes of the electric field
directly before and after the interface m. The corresponding field amplitudes in the left-
and the right-hand sides of the (m-1)-th layer are related by the propagation matrix

Pm—l,m-

r— —
m-—1 m-—1

(Er;l_l) P (E;{l_1> _ [exp(idm_l) E,,t_l)’ 3

0 exp(—?Sm_l)] ( m-1

Where 6, = 2nfiydy /A is the phase accumulated by passing though the n-th layer. The
above transformation for all N layers finally leads to a product of N+1 2x2 matrices. The
iterative multiplication specifies the relationship between the amplitudes in the start and

end media.
+ N + +
E E E
(EO_) =D | | PDomit (EIX“) = T(E’X“) 3.6.
0 m=1 N+1 N+1

The product matrix T refers to the system transfer matrix. Since there is no light source in
the end medium, the backward running wave amplitude is zero (Ey,; = 0). Assuming that
the amplitude of the incoming wave is unity, the reflection and transmission coefficients
of the entire stack can be expressed by the matrix elements of T:
B T
E(-)'- T11 '
B 1

=— =7 3.7.
Eg Ty

The overall reflectance R and transmittance T are then defined by the amplitude
coefficients according to Fresnel’s equations. Finally, the absorption A in the n-th layer is
given by the subtraction of the time averaged Poynting vectors at the beginning and end
of the two layers n and n+1.

Ap = (Sn)T z— (Sn+1)T z 3.8.
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3.2 Fabrication methods

In the following, different fabrication methods, which are used within this thesis are
described. This includes mainly the transfer of textures via polydimethylsiloxane (PDMS)
from a master template into a glass-like material. First, the fabrication of the different
templates and the individual steps to replicate those are described. Next, the general
approach to obtain those replicas of micro- and nanotextures is presented.

3.2.1 Master template fabrication and preparation

For this work, various micro- and nanotextures have been used as master mold. In terms
of microtextures, micro-cones have been fabricated with direct laser writing (DLW).
Moreover, biological surfaces from plant leaves and petals, which also show micron-scale
textures have been used. In terms of nanotextures, different periodic gratings consisting
of cylindrical pillars have been used. These nanotextures are processed by electron beam
(e-beam) lithography. The corresponding method to fabricate the micro- and nanotextures
is described in the following:

The DLW process enables to create freeform architectures on the nano- and micro-
scale by a two-photon polymerization process. For the DLW process the commercial
system Photonic Professional GT (Nanoscribe, Germany) is used. The micro-cones with
25 pum diameter are written with the commercial resist IP-S (Nanoscribe). More details on
the DLW process and how to fabricate micro-cones with different aspect ratios can be
found in the work of Dottermusch et al. [78].

The leaves and petals are collected in nature and subsequently carefully cleaned with
a nitrogen gun. The cleaned leaves are glued with double-sided tape on top of an
aluminum plate. Then, a mold is fabricated (see below).

E-beam lithography is used to fabricate nanotextures (here: two-dimensional gratings
of pillars). In the e-beam lithography, a focused beam of electrons is used for scanning and
therefore writing a two-dimensional pattern in an electron-sensitive film. The electron
beam locally changes the chemical composition of the resist, which enables the selective
removal of either the exposed or non-exposed regions.

3.2.2 Replication of micro and nanotextures into substrates

In order to accurately transfer the microtextures and nanotextures down to 100 nm
feature sizes, a mixture of 10:1 (weight ratio) Sylgard® Silicone Elastomer 184 and Sylgard®
Curing Agent 184 was prepared. For the smaller nanotextures, a combination of a thin
layer of hPDMS from GELEST® (PP2-RG07) and Sylgard® PDMS is used. In case of the larger
textures, the PDMS is directly purred over the micro- and nanotextures (see Figure 3.3b).
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Original plant petal
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Figure 3.3. Replication of plant petal textures or artificially produced microtextures. (a) The original texture
(plant petal, leave or artificialy fabricated texture) is glued on a rigid substrate. A box of aluminum foil is
build around (not shown in the figure). (b) Then the PDMS is poured on the texture. (c) After demolding the
curred PDMS from the original texture, a flexible PDMS mold is obtained. (d) The PDMS mold is used to
replicate a UV photoresist on top of a substrate (e.g. glass or a solar cell).

For the replication of all textures (DLW microtextures and e-beam masters) as well as the
biological surfaces (leaves and petals), the texture is carefully cleaned and fixed inside an
edge-closed box consisting of aluminum foil with double-sided tape. The box of aluminum
foil prevents the PDMS from flowing away, and enables the easy removal afterwards. Next,
the PDMS is cured for =1 h at 40°C and subsequently for =2 h at 60°C. The hardened PDMS
mold is separated from the original texture (see Figure 3.3c).

In case of the very small nanotextures, first, a thin hPDMS layer is spin coated (5000
rpm, 30s) on top of the nanotexture and subsequently prebaked at 60°C for 15 min. Finally,
the PDMS from Sylgard® is poured on top, alike to the procedure above (see Figure 3.3b).

The obtained PDMS mold (see Figure 3.3c) is then used to replicate the texture onto a
desired substrate (see Figure 3.3d). For the replication, the photo nanoimprint
lithography is used. In the photo nanoimprint lithography, first, a photo (UV) curable liquid
resist is applied onto a substrate (here: glass or solar cell). Secondly, the flexible PDMS
mold is pressed on the substrate, enclosing the liquid resist. Thirdly, the resist is cured
under UV exposure and becomes solid. After the mold separation, the (so obtained)
inverse pattern is transferred into the resist onto the substrate material. This process is
used for the glass-like photoresists: OrmoComp and OrmoStamp (microresist technology
GmbH) as well as NOA88 (Norland Products Inc.). As UV source the Proma 140 017 UV
exposure unit (60 W, 365 nm) is used. The OrmoComp and OrmoStamp curse within 5 min
of exposure, the NOA88 needs =8 min.

3.2.3 Replication of nanotextures into the perovskite layer

For the replication of the nanotextures into the perovskite layer, a thermal nanoimprint
lithography (TNIL) process is used. For the TNIL, robust stamps have to be fabricated.
Therefore, two-dimensional gratings on top of glass substrates are fabricated with the
process described above. In this regard, the PDMS is used to cast a flexible mold out of the
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e-beam master templates (see Figure 3.4a and b). Further, an UV curable resist on top of
a glass substrate is used. In this regard, a thin (1 — 10 um thin) OrmoStamp layer is spin
coated on top of the glass substrate and subsequently patterned with a PDMS mold (see
Figure 3.4c). In order to reduce the adhesion of the OrmoStamp mold in contact with the
perovskite layer, a silanization with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOTS) is
performed. The silanized stamps are then used to thermal nanoimprint the perovskite
layers (see Figure 3.4e and Figure 3.5a).

The replication of nanotextured molds into the perovskite layers is performed with a
vacuum hot embossing machine developed in-house in cooperation with Jenoptik
Mikrotechnik [79]. The embossing machine consists of an upper fixed crossbar and the
lower crossbar movable by a spindle drive (see Figure 3.5a). The lower and upper plates
are heated and cooled via an oil heating and cooling unit. The operation window for
samples up to 4-inch wafers, ranges from 0 kN to 290 kN and the maximum temperature
is 190°C. The sample chamber is connected to a vacuum pump. For the imprinting, the
glass substrate with the layers of the perovskite solar cell up to the perovskite, together
with the mold is placed between the upper and lower planar plates. Perfect alignment of
the plates is essential, to ensure a homogenous thermal nanoimprint. The periodic grating
on the mold possess a height of =200 nm. The thermal nanoimprint is performed by hot
pressing of the perovskite in contact with the textured mold (see Figure 3.5a). The process
can be subdivided into three phases (see Figure 3.5b): (1) the heat up of the plates and
sample, (2) the imprinting and (3) the cool down before the nanoimprinted perovskite
layers can be released.

(a) E-beam litography (c) Replication of PDMS mold (e) Nanmmprlntmg the perovskite
on silicon wafer

(b) Cast PDMS mold of (d) Silanization Perovskite
nano-texture

jeay 1@ ainssaud

Ste ;e e % "0 e %0 "0 Sﬂ02
Sorel ITO

. .
. . - ™ o
H : : -

Fabrication of the PDMS mold Replication of the texture Thermal nanoimprint litography

Figure 3.4. Schematic of the preparation of the mold for the thermal nanoimprint lithography (TNIL). (a) The

periodic gratings are fabricated with electron-beam (e-beam) lithography. (b) PDMS is used to cast a flexible
mold of the nanotextured silicon surface. (c) The nanotexture is replicated into a UV-curable resist. (d) To
reduce the adhesion to the perovskite, a silanization with PFOTS is performed. (e) The OrmoStamp mold is
used for the TNIL on the perovskite layer.
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Figure 3.5. (a) Schematic illustration of the vacuum hot embossing process. The perovskite sample is placed
on the lower plate. The stamp is in contact with the perovskite surface. Two sheets of aluminum foil are
placed between the glass and the metal plates. (b) Process diagram of the hot pressing to nanoimprint the
perovskite layers. During the heat up phase, the textured mold is in contact with the perovskite surface and
the chamber is closed. The pressure is increased to =50 MPa once the two half-stacks reach the imprinting
temperature of (here: =80°C). After 5 min of applied pressure the cool down is initialized.

3.2.4 Perovskite solar cells

In this work, various silicon and perovskite solar cells as well as their combination in
tandem solar cells are presented. Due to the rapid development in the field of perovskite
PV and different collaborations, the perovskite solar cells presented in this thesis differ in
their functional layers between the chapters. In the following, the preparation of the
perovskite solar cell is described by its individual functional layers. However, the reader is
kindly asked to refer to the respective - and at the given place also marked - coauthor
publications for more details on the experimental fabrication parameters of the individual
layers.

Electrodes

For the front electrodes pre-patterned indium tin oxide (ITO) substrates on glass
(Luminescence Technology) were used. The in-house front ITO electrodes were sputtered
(DC) using a Kurt J. Lesker PVD-75 thin film deposition system. The 4-inch target was
purchased from Kurt J. Lesker. For the deposition of the 135 nm-thick ITO layers, the
following parameters were used: base pressure =107 mTorr temperature = 25°C,
deposition time = 2000 s, pressure = 0.8 mTorr, and O partial flow = 2.5%. The samples
were annealed for 30 min at 200°C in air on a hot plate that improved both the
transmission and the conductivity. The 150 nm thick in-house rear ITO electrodes were
sputtered with the following parameters: temperature = 25°C, deposition time = 2300 s,
pressure = 0.8 mTorr, and O partial flow = 2.5%. The substrates covered with ITO are
finally cleaned in ultrasonic baths of deionized water, acetone and isopropyl alcohol for 10
min each. For the opaque devices a gold electrode is evaporated using a thermal
evaporator (Vactec Coat 320).
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Electron transport layers

The tin oxide (Sn03) electron transport layer was spin-coated at a speed of 4000 rpm for
30 s. Therefore, a 15% aqueous colloidal dispersion of SnO; (Alfa Aesar) is diluted to a final
concentration of about 2%. The spin-coated SnO: layer was then annealed in air at 250°C
for 30 min.

Hole transport layers

The hole transport layer spiro-OMeTAD (2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenyl-
amino)-9,9'-spirobifluorene) is spin-coated on top of the perovskite layers. Therefore,
80 mg/mL spiro-OMeTAD (Luminescence Technology) solution doped with 17.5 uL of
lithium bis-(trifluoromethanesulfonyl) imide (520 mg/mL in acetonitrile) and 28.5 pL of 4-
tert-butylpyridine was diluted in cyclohexanone (volume ratio 6:1) and spin-coated at 3000
rom for 30 s in ambient atmosphere. Afterwards, the samples with the spiro-OMeTAD
layer are oxidized in a drying cabinet at a relative humidity between 25% and 30% for about
12 h.

The nickel oxide (NiOx) hole-transport layers are sputtered using a Kurt J. Lesker PVD-
75 thin film deposition system at 1 mTorr process pressure at 100 W under rf-conditions
in combination with a NiO target (Kurt J. Lesker Company, 99,995% metallic purity). Argon
is used as process gas. The base pressure in the chamber was <1:10-7 mTorr before the
deposition.

Perovskite

The triple cation perovskite absorber solution Cso.1(MAo.17FA0.83)0.9Pb(lo.83Bro.17)3 was
prepared according to reference [80] with the precursors of methylammonium bromide
(MABr, Greatcell Solar), formamidinium iodide (FAI, Dyesol), lead iodide (Pbl, TCl), lead
bromide (PbBr;, TCl), and cesium iodide (Csl, Alfa Aesar). Two solutions were prepared: (1)
Csl in DMSO (1.5M), and (2) FAI (1M), Pbl; (1.1M), MABr (0.2M), and PbBr; (0.2M) in
DMF:DMSO (volume ratio 4:1). An 88.9ul aliquot of solution 1 was transferred into solution
2 and then spin-coated by two following steps: (1) 1000 rpm for 10 s and (2) 6000 rpm for
20 s. 5-7s before the end of step (2) chlorobenzene (Sigma Aldrich), as anti-solvent, was
released on the sample. The samples were annealed at 100°C for 1 h in nitrogen
atmosphere.
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3.3 Characterization of solar cells

This section provides an overview about different optical, electrical, surface and
morphological characterization techniques of solar cells.

3.3.1 Spectrophotometry

With the spectrophotometry a quantitative measurement of the reflectance and
transmittance of a material (e.g. transparent thin film) as a function of the wavelengths is
performed. In a spectrophotometer, light of a polychromatic light source is broken down
into its spectral components by means of a monochromator. The diffracted light passes a
mechanical slit and the remaining quasi-monochromatic light is then focused on the
sample to be measured. Either the reflection at the sample surface or the transmission
through the sample is determined by a suitable measuring arrangement. In this work, the
spectrophotometry measurements are performed with the Lambda 1050 (PerkinElmer).
Here, an integrating sphere is used to measure the total (or diffuse and specular)
reflectance and transmittance of the sample. The interior of the integrating sphere is
coated with a diffuse white reflective coating. As light source a deuterium and halogen
lamp are used for the UV, visible and near-infrared spectrum. In order to detect the
reflected or transmitted light a silicon and InGaAs photodiode are mounted at the bottom
of the integrating sphere.

3.3.2 Spectroscopic ellipsometry

The ellipsometry is an optical technique to investigate the dielectric properties of thin
films. The method is non-invasive and non-destructive to the sample. The spectroscopic
ellipsometry measures the relative change of the polarization of light reflected or
transmitted by the thin film of interest for different wavelengths and angles. The exact
change in polarization is related to the properties of the sample (thickness and refractive
index). Usually, the sample is measured in reflectance, however the following explanation
is true for transmission as well.

In principle, the ellipsometry uses the fact that linearly polarized light at an oblique
angle of incidence to a surface changes its polarization when it is reflected. The light
becomes elliptically polarized. The form of the ellipse is measured and related to the
ellipsometric parameters { and A for different wavelengths and angles of incidence. In this
regard,  represents the amplitude ratio and A the phase difference.

In order to derive the dielectric properties such as the complex refractive index of the
thin-film sample, an optical model based on the Fresnel’s equation (see TMM for multiple
thin-film layers involved) is used to iteratively determine Y and A. Typically, the input for
the Fresnel’s equations is given by an oscillator-based modelling of the dielectric function.
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In this regard, the parameters Y and A are linked to the ratio of the reflection coefficients
of the parallel rp and perpendicular rs polarized light.
s iA
p=—=tan(P)e 3.9.
rS

The ellipsometry measurements are performed with the commercial system (VASE, from
J. A. Woolam).

3.3.3 Scanning electron microscopy

The scanning electron microscopy is a technique to image the surface morphology of a
sample by scanning the surface with a focused electron beam. In the scanning electron
microscope (SEM), the focused ion bean generates secondary electrons emitted by the
atoms of the first few atomic layers exited by the electron beam. The secondary ions are
detected by the secondary ion detector. The brightness of the signal depends on the
number of secondary electrons reaching the detector, which mainly depends on the
texture of the sample. In addition, since heavy atoms typically backscatter electrons more
strongly than lighter atoms, they appear also brighter in the image. The obtained image
gives a three-dimensional impression; however, no height information is obtained. The
SEM measurements are performed with a Supra 55P (Zeiss, Germany). The resolution is in
the order of a few nanometers. In order to analyze microscopic samples, accelerating
voltages of the electron gun are in the order of 10 kV, for the perovskite layers a voltage
=3 kV is typically used to avoid degradation of the surface.

3.3.4 Atomic force microscopy

In order to analyze the surface roughness and topography of different substrates on a
microscopy scale, the atomic force microscopy (AFM) is used. AFM is a common method
and provides a wide range of different modes of operation [81]. As a scanning probe
microscope, the AFM relies on a physical probe that is brought into the direct vicinity of
the sample under investigation. By atomic forces between the atoms or molecules forming
the sample surface and the probe, the deflection behavior of the probe can be observed.
This is used to determine the structure of the sample at specific positions. By scanning a
certain area of the sample, a three-dimensional image of the sample is obtained. The AFM
measurements are performed with a JPK NanoWizard Il (Bruker Nano GmbH), which
operates in the intermittent mode [82]. Here, a cantilever, at the end of which a fine
measuring tip, is set into oscillations close to its resonance frequency and scanned across
the sample surface at a small distance. If the interaction between the measuring tip and
the sample surface changes (e.g. due to material changes or height differences), this leads
to a change in the resonance frequency, which can be measured optically via the reflection
of a laser beam on the cantilever.
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3.3.5 External quantum efficiency

The external quantum efficiency (EQE) gives the probability of an incident photon to be
absorbed in the photoactive material and actually contribute to the extracted current. The
EQE is typically measured wavelengths dependent for the relevant spectral range of
absorption. From the EQE, the short-circuit current density (Jsc) of a solar cell can be
calculated by the multiplication with the air mass (AM) 1.5 global solar spectrum and the
subsequent integration:

_ 1 : _
Jsc = thEQE(/l) AM1.5G(2) - d4, 3.10.

where ¢ is the elementary charge, h the Planck constant and c the speed of light. The
reported EQE data is measured in a PVE300 EQE system (Bentham). The system consists
of two lamps (xenon short arc and quartz halogen), which generate a broad spectrum. The
light is passed through a monochromator and focused on the solar cell. The chopped light
is detected with a lock-in amplifier. The EQE is a relative quantity that relates the measured
current to the current of a reference cell with a known EQE. For the EQE of the perovskite
solar cells, a silicon reference solar cell and for the perovskite/c-Si tandem measurements
an additional germanium reference solar cell is used. The measurement of the wavelength-
dependent EQE allows, in particular, precise information about the power generation of
the solar cell as a function of the wavelength of the incident light.

3.3.6 Current density - voltage characteristics

The power conversion efficiency (PCE) of a solar cell is derived from the current density —
voltage (J-V) characteristics. The J-V characteristics typically is measured under standard
test conditions with a reference air mass (AM) 1.5 global solar spectrum and a temperature
of 25°C. The J-V characteristics gives details about the multiple electrical properties of the
solar cell. In this work, the measurement is performed in a single-lamp solar simulator of
the company Newport (Oriel Sol3A) with a xenon lamp (Osram Licht AG). The intensity was
calibrated with a KG5 filtered silicon reference solar cell to match the global standard
AM1.5G spectrum. The solar cell sample temperature is controlled by an in-house sample
holder, which is heated and cooled by a Peltier element. In order to consider the hysteresis
effects in the perovskite solar cells, all perovskite solar cells are measured with the same
scan rate of 600 mV-s™in both backward and forward direction. To evaluate the long-term
stability of the output power, the stabilized power output is additionally determined for at
least 5 min using the maximum power point tracking method. The exact methodology is
based on approaches from the literature [83].
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3.3.7 Photoluminescence spectroscopy

The photoluminescence (PL) spectroscopy is a technique to characterize the optical and
electronic properties of a sample, such as material imperfections and impurities. In PL
spectroscopy, the material to be examined is brought into an electronically excited energy
state by light absorption. Subsequently, the lower energy state is reached again by
emitting light by spontaneous photon emission in the form of fluorescence or
phosphorescence. The emitted light is detected and provides information about the
electronic structure of the material. This is due to the reason that after the photo-
excitation the excess energy leads to radiative and or nonradiative processes. Depending
on the material, these free charge carriers recombine as electron-hole pairs, the so-called
excitons, or fall into deeper states and recombine from there. Moreover, the
recombination at defects show characteristic lifetimes, which are possible to measure in
time-resolved photoluminescence (TRPL) measurements.

3.3.8 X-ray diffraction

In order to analyze the crystallographic properties of a thin-film, the X-ray diffraction (XRD)
measurement is used. The principle of the XRD measurement relies on the fact that atoms
(crystal planes) scatter X-ray waves. Therefore, crystals with a regular array of atoms lead
to constructive and destructive interference according to Bragg’s law:

2dsin@ = nA, 3.11.

where d is the spacing between the diffracting planes of the crystal, 6 the incident angle,
n is an integer giving the diffraction order, and A the wavelengths of the X-rays. An
unknown material can then be classified by the characteristic position of the resulting
diffraction peaks. The XRD diffractogram is measured with a D2 PHASER (Bruker). In order
to measure the distinct X-ray diffraction pattern of a sample, the position of the X-ray
source (Cu Ka radiation) is fixed and the detector as well as the sample are tilted by 8 and
206, respectively. This has the advantage that the focus on the sample is always maintained.
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4  Methodology of energy yield modelling

This section describes the methodology of energy yield modelling. The energy yield
provides an accurate figure of merit for the realistic outdoor performance of solar
modules. In the following, the developed energy yield simulation platform is presented.
Furthermore, distinct aspects of the energy yield framework are discussed by exemplary
studies.
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This publication was a joint project of the shared first authors Raphael Schmager, who
wrote the section on the electrical modelling and composed the energy yield calculations
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compiled the parts on the realistic irradiation and optical modelling of the perovskite/c-Si
tandem solar modules. The full methodology of energy yield modelling was developed by
Ulrich W. Paetzold, Malte Langenhorst, Raphael Schmager and Jonathan Lehr and lead to
a close collaboration with the industrial partner OxfordPV. The code development of the
energy yield platform was subdivided in individual modules: the irradiance module
(developed by Ulrich W. Paetzold and improved by Malte Langenhorst and Raphael
Schmager), the electric module (developed by Jonathan Lehr and improved by Raphael
Schmager), the optics module (developed by Malte Langenhorst) and the energy yield core
module (developed by Raphael Schmager). The present simulation platform on energy yield
modelling have already led to multiple publication from our group in the field of perovskite-
based tandem photovoltaic [85-88].
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4.1 Introduction

To describe and compare the device performance of photovoltaic modules, typically the
power conversion efficiency (PCE) under standard test conditions (STC) is reported as the
key figure of merit. However, the PCE determined under STC does not represent the
realistic performance of solar modules well. This stems from the fact that the STCs define
the solar cell performance for a standard global reference irradiance spectrum of
1000 Wm2 with an air mass of 1.5 (AM1.5G), the light impinging the solar cell under
normal incidence, and a constant solar cell temperature of 25°C. However, these
conditions are never found in real world applications. Under realistic operating conditions,
the temperature, spectral distribution —the share of specular and diffuse solar irradiation,
absolute insolation, cloud cover and the normal movement of the sun usually change over
the course of each day. To take all these effects into account, the energy yield (EY) of solar
modules must be determined. The EY is by far the superior measure of comparison. The
annual EY of a solar module provides the total energy per area obtained by a solar cell or
module under consideration over the span of one year. Therefore, EY modeling offers a
more accurate measure for comparing, evaluating and predicting the performance of solar
modules under realistic outdoor conditions. In addition, the evaluation of a large number
of influencing factors, such as the evaluation of different lighting management concepts,
and the assessment of different architectures becomes possible. In this regard, EY
modelling has already widely been used to optimize and predict improvements in single-
junction PV [89-95], concentrator PV [96—101] and IlI-V/Si multi-junction PV [102—-105].

In line with these studies, and to develop a common and comprehensive framework
for EY modelling, this work enables the EY modelling framework for the newly emerging
perovskite-based tandem architectures. In particular, textured perovskite/c-Si tandem
modules should be mentioned here. Recently, numerous studies have been published
discussing various correlations between outdoor conditions and optimum device
parameters of  perovskite/CIGS [88], perovskite/Si  [23,86,106-110] and
perovskite/perovskite tandem PV [111]. In particular, for multi-junction PV, the absorber
thicknesses can differ significantly by up to 30%, when optimizing the architecture for
annual EY rather than PCE under STC [86,88]. Moreover, a current focus is on the
evaluation of bifacial perovskite-based tandem PV. [85,112]. In addition, the influence of
the incident irradiation, which varies in intensity and spectral distribution over the day and
year on different electrical interconnection schemes could be analyzed. Particularly, the
current matching losses in two-terminal (2T) architecture compared to electrically more
advanced three-terminal (3T) and optically lossier four-terminal (4T) architectures should
be mentioned here.

In this chapter, the framework of EY modelling developed in the group of U. W.
Paetzold is presented. This framework offers the possibility to simulate complex — textured
and planar, monofacial and bifacial — architectures of single- and multi-junction PV
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including all perovskite-based tandems and other tandem architectures. Especially, for the
intensively investigated complex architectures of textured perovskite-based tandem solar
modules, EY modelling is essential to predict realistic power outputs and annual yields. The
EY modelling is able to predict the realistic performance from the above-mentioned variety
of tandems with different architectures and electrical wiring concepts for various
geographical locations. Besides, it offers the possibility to determine the EY for any module
orientation and is able to evaluate various one- and two-axis tracking methods of the sun.

In the following, the framework is presented along the lines of the different modules.
Due to the fact that the simulation framework is in constant further development, the
fundamental functionalities are discussed here. For the latest developments, the reader is
referred to the references provided at the appropriate place.

4.2 The framework for energy yield modelling

The most important figure-of-merit to evaluate and compare multi-junction solar modules
is the annual EY, which gives the total accumulated energy produced by the solar module
under realistic operation (and irradiation) conditions during one year. In the following, the
framework for EY modelling is presented. The framework accounts for various realistic
operation conditions: specular and diffusive irradiation, cloud cover, albedo, temperature
variations, and the module orientation (see Figure 4.1).

Clouds

Diffuse
irradiation

Multi-junction

Specular solar module
irradiation
Albedo

Bifacial

L

Figure 4.1. Schematic of energy yield modelling of multi-junction solar modules. The power generation of

tilted multi-junction solar module varies with the sun’s specular and diffuse irradiance, which depends to
the location, time, orientation and the cloud cover. For different architectures (monofacial or bifacial),
module installations angles, and ground reflectanceses (albedo), additional contributions of incident light
to the generated current needs to be considered. Adapted with permission from ref. [84], © 2019 Optical

Society of America.
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The framework further is able to simulate complex — textured and planar, monofacial
and bifacial — architectures of single- and multi-junction PV including all perovskite-based
tandems and other tandem architectures in two-, three-, and four-terminal configuration.

The EY modelling is based on four independent — but interconnected — software
modules (see below), which are linked by their in- and output parameters (see Figure 4.2).
The main idea is to obtain the total power of a defined solar cell architecture by its optical
and electrical response. The power is calculated on an hourly basis throughout the whole
year accounting for (i) a realistic hourly and spectrally resolved irradiation of a broad range
of locations in the USA, (ii) the optical and (iii) the electrical response of the absorber(s) in
the (tandem) solar module.

In this regard, the irradiance module calculates the spectral and angular resolved
irradiance over the course of one year with a temporal resolution of one hour. The
irradiance data is calculated with the use of the atmospheric radiative transfer of sunshine
(SMARTS) model [113], fed by the typical meteorological year (TMY3) data [114]. To
account for the cloud cover provided by the TMY3 data, a simple cloud model is applied
(see below). The optics module rapidly calculates the spectrally and angular resolved
absorptance of the defined tandem architecture. Due to the different scales in textured
perovskite/c-Si tandem modules, it is able to handle multiple interconnected planar and
textured interfaces with coherent and incoherent light propagation by combining transfer
matrix method (TMM), series expansion of Beer-Lambert law and geometrical raytracing.

The energy yield core module calculates the EY over the course of one year depending
on the tandem orientation and location. The orientation can be either defined by a fixed
tilt and rotation angle or by various one or two-axis tracking algorithms. Therefore, the
core module calculates the power output on an hourly basis by combining the spectral and
angular resolved solar irradiation (optionally accounting for various albedo or bificiality),
the spectral and angular resolved absorptance of the tandem solar module and the
electrical properties provided by the electrical module.

The electric module calculates the temperature-dependent current density — voltage
characteristics (J-V) for given short-circuit current densities. Hereby, the electrical
calculations are based on the one-diode model, accounting for series and shunt resistance
in the sub-cells, forming either a 2T or 4T tandem solar module. The electrical module
determines for each hour of the year the maximum power (MPP) point of the tandem (or
of each sub-) solar cell(s). In case of the 3T interconnection, J-V characteristics is simulated
numerically (see below).

This enables the EY framework to identify trends for specific architectures via the
analysis of light-trapping concepts or the evaluation of the electric interconnection
schemes, thus providing design rules for device properties (e.g. layer thicknesses, optimum
band gaps) or the optimal tilt for various locations. In the following, the individual modules
are described in more detail.
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Figure 4.2. Schematic flow of the modular EY modelling. The irradiance module computes the spectral
irradiance |, the optics module the absorptance A, and the energy yield module calculates the short-circuit
current density Jsc and EY with the help of the electrics module. Adapted with permission from ref. [84], ©
2019 Optical Society of America.

4.3 Irradiance module for realistic irradiation conditions

The irradiance module calculates the spectral and angular-resolved irradiance over the
course of one year with a temporal resolution of one hour by applying SMARTS code [113]
to TMY3 data [114] of locations in various climatic zones. The calculations are followed by
the application of a simple cloud model to account for cloud cover such that realistic direct
and diffuse irradiance are derived.

Realistic irradiation data is essential to determine the annual EY of any single or multi-
junction PV device. For the assessment of different climatic regions, the TMY3 data sets
are used, which are available from the National Renewable Energy Laboratory (NREL)
[114]. The TMY3 data sets contain statistically representative hourly resolved
meteorological and irradiation data of many (=1000) locations distributed over the USA.
The different locations represent the four most relevant climatic zones according to the
Koppen climate classification [115,116]: temperate, boreal, arid and tropical. Whereas hot
and sunny regions belong to the tropical and arid - temperate and boreal account for cold
and damp climatic regions.

The atmospheric data provide properties such as the pressure, precipitable water,
optical depth of the aerosol, dry-bulb temperature, albedo, and the cloud cover of the sky.
With this atmospheric information, the position of the sun and the irradiance, first the
spectrally resolved (280 nm - 4000 nm) clear sky irradiance is calculated with the SMARTS
code [113] for each hour of the representative year utilizing Shettle and Fenn’s urban
aerosol model and the US standard reference atmosphere [117].

Next, a simple cloud model accounts for the cloud cover CC as the ratio of covered sky.
For this, it is assumed that the direct irradiation is not spectrally changed. Thereby, the
direct irradiation is defined by the spectrally resolved clear sky irradiance, which is then
scaled by the TMY3 measured absolute irradiance:
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I clear,dir (/1)
1 (1) = - I .
domis.dlr( ) flclear,dir(/l) d4 meas,dir

4.1.

In contrast to the direct irradiance, the spectral distribution changes for the diffuse
irradiation depended on the amount of CC on the sky. Therefore, it is assumed that the
light radiated by the clouds account for both spectral distribution of the diffuse and direct
clear sky irradiance. However, the absolute intensity is scaled by the measured diffuse
irradiance reported in the TMY3 data:

Iclear,diff(/l) ' (1 - CC) + Iclear,dir(/l) - CC
f(lclear,diff(/l) ! (1 - CC) + Iclear,dir(}{) ' CC)d/1

Igoudsaif(1) = meas,diff- 4.2

The spectrally resolved direct and diffuse irradiation obtained with this simplified cloud
model is illustrated in Figure 4.3a for a monthly average in Phoenix (Arizona, USA). For
both, June and December, the direct irradiance exceeds the diffuse irradiance, which is a
natural consequence of the meteorological conditions during those months of the year on
the northern hemisphere. In addition, the diffuse part shows a strong blue shift compared
to the direct irradiance, due to the strong wavelength dependence of Rayleigh scattering
(~\4). This blue shift is well represented by the average photon energy (APE) of the
irradiance spectrum. It is also visible on the timescale of one day (e.g. November 19%) as

illustrated in Figure 4.3b.
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Figure 4.3. (a) Monthly average spectral irradiance of Phoenix (Arizona, USA) during June and December
broken down into direct and diffuse portions. (b) Hourly resolved overall intensity of direct and diffuse
irradiance and the average photon energy (APE) in November 19th in Phoenix (Arizona, USA). Adapted with
permission from ref. [84], © 2019 Optical Society of America.

Compared to the APE of the global standard spectrum (AM1.5g), the APE of the modeled
spectrum is blue shifted in the morning and evening when the total irradiance is mainly
dominated by the diffuse share [88,108]. Moreover, as predicted by this simplified cloud
model, the APE shifts blue for decreasing cloud cover (see Equation 4.2), which is in
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accordance to Bartlett et al. [118]. Therefore, the APE of a realistic irradiation spectrum
deviates almost for every hour of the day over the course of the year from the AM1.5g,
which highlights the fact of the importance to consider realistic irradiation conditions to
calculate the realistic performance of solar modules. It should be noted that the suggested
cloud model is (still) very simplified. This is due to the fact that the modelling of radiative
transfer of clouds is a complex subject [119] and there is yet no unified and comprehensive
radiative transfer model for clouds [120], since optical properties of clouds strongly
depend on their size, shape and composition [121]. Nevertheless, the variation of the
incident irradiance mimics realistic operating conditions due to the constantly changing
angle of incidence and cloud cover (fluctuating irradiances and spectral variations).
Although the simple cloud model is very rudimentary, it provides realistic spectral
irradiances.

4.4 Optics module: modelling of multi-junction solar cells

The optics module calculates the spectrally and angular-resolved absorptance of the non-
simplified architecture of tandem solar modules. The optical modelling of state-of-the-art
single-junction and multi-junction solar modules has to account for various feature sizes:
(i) multi-layer thin-film stacks, (ii) optically thick layers, and (iii) microtextured interfaces.
Therefore, the optics module handles multiple planar and textured interfaces with
coherent and incoherent light propagation by combining TMM, series expansion of Beer-
Lambert law and geometrical raytracing.

To cope with the combination of the different scales and optical methods, the
architecture is broken down to smaller domains (see Figure 4.4a), which are separately
simulated using the adequate method (see below). Once, each domain is calculated, the
optical response of the full architecture is calculated via redistribution matrices analogous
to Eisenlohr et al. [122]. This formalism is extended by considering microtextures covered
by thin-films, which are treated in the following as effective interfaces (see right part of
Figure 4.4a). For a more detailed mathematical description the author is referred to the
work of M. Langenhorst [123]. However, to give an insight into the working principle, the
basic structure is outlined below and the three different methods are described briefly.

i. Multi-layer thin-film stacks: To treat thin-film PV technologies like IlI-V, CIGS, and
perovskite, a coherent treatment of light propagation is needed. The coherent treatment
of the absorption Acon in the thin-films is calculated with the TMM. The TMM implemented
in the EY framework is inspired by previous work of by S. J. Byrnes [124], the fundamental
method is described in section 3.1.4).

ii. Optically thick layers: If the layer thickness is large compared to the coherence
lengths of the incident light, the coherent assumption breaks down. For these optically
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thick layers, light propagation needs to be treated incoherently. In this regard, the Beer-
Lambert law described the incoherent absorption Aincon Of optically thick layers very well:

e-a()-d/cos(0:) ... 0
: ; ) 4.3.

Ajncon(A) = ( . :

0 e @—@(A)-d/cos(8y)
Here, a is the absorption coefficient, d the thickness of the incoherent layer, and 8, is the
angle of light propagation inside the medium.

iii. Microtextured interfaces: For non-planar interfaces, geometrical raytracing as
described by Baker-Finch and Mcintosh [125] is used. The geometrical raytracing is an
elegant method for rapid calculations of the impact of microtextures (e.g. pyramidal
textures as found on alkaline-etched c-Si wafers) on an interface for all angles of incidence
Bin. For pyramidal microtextures, the high symmetry allows only for a limited set of
characteristic paths with specific intersection angles Ointersect at the facets of the pyramids
(see Figure 4.4b) are possible. Compared to rigorous raytracing or wave-optical finite
element methods (see section 3.1.2), the geometrical raytracing method provides a rapid
calculation. However, for efficient modelling, the geometrical raytracing restricts the
applicable textures to pre-calculated or pre-simulated textures of certain symmetry and
limited characteristic paths.

For the energy yield framework, the characteristic paths of regular upright, random
upright and inverted pyramids of typical etched c-Si surfaces have been extracted from the
optical simulator OPAL 2 [126,127]. The optical response (R, T and A) of other non-
pyramidal textures, textures with different aspect ratios (see Chapter 5), and any other
effective interfaces must be calculated precisely by raytracing. In this regard, cones,
inverted cones, pyramids and inverted pyramids have been simulated for a wide range of
aspect ratios by raytracing. The pre-simulated optical response of those textures is
available as input data in the simulation platform. Since the iterative summation of
absorption follows a generic principle, more exotic textures can be implemented as well.

For textured c-Si solar cells covered with a thin-film layer stack, the total absorption
Apath,i along the path i is then given by:

Jmax J=1
Apatns Ao Bin) = Acoh(A Ointersect) + ) | | Reon(A Bintersecte) - Acon (2 Bintersect ). 4:4:
j=2 k=1
Here, Rcon is the reflectance of the thin-film stack obtained from TMM calculations, and j
is the index of facets hit by light along the path i. The total absorptance of this thin-film
covered texture Atex/coh is then determined by summation over the absorption of all
characteristic paths and their individual probabilities Ppath,i:

Atex,coh (/1: ein) = Z Ppath,i(ein) ' Apath,i(/lr Hin) . 4.5.
i
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For the total reflectance R and transmittance T, similar equations can be derived.
Moreover, for each wavelength, R and T can be expressed by redistribution matrices
describing the interaction of light at an effective interface:

{R' T}(Arel - 91) {R' T}(/‘Len - 91))

: . : 4.6.
{Rr T}(A, 01 - en) {R' T}(A, en - en)

{R,TY) = (

At those effective interfaces, the incident light will be either reflected, transmitted or
absorber. Therefore, the following condition has to be fulfilled:

Z R(4, Oin = 9ref) + Z T(4, Oin = etrans) + Z Ate_x(/l, Gin) =1, 4.7.
coh

Oref Oref Oref

where i, is the angle of incident, B¢ is the angle of back reflected light, and Brans is the

angle of transmitted light (see Figure 4.4a).
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modules used for the optical simulation of their spectral response in dependence of the wavelength A and
the angle of incidence Bin. A perovskite/c-Si multi-junction solar module commonly exhibits three distinct
features: optically-thick layers, multi-layer thin-film stacks and textures. (b) Textures are simulated using
geometrical ray-tracing. The geometry of pyramidally textures only allows a specific set of characteristic light
paths. Adapted with permission from ref. [84], © 2019 Optical Society of America.
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With those quantities defined, the total absorption can be described by the iterative sum
over all light paths in forward and backward direction though any material:

A(/L ein) = Afordward (/1: Qin) + Abackward(/l: Qin)
= z Afordward,i(/l' gin) + Z Abackward,i (/L Qin) ’ 4.8.
i i

The obtained absorptance A is dependent on the angle of incidence 8in and the
wavelength A. In case of bifacial tandem modules, the absorptance A has to be calculated
for front and rear illumination individually. In contrast to literature, where usually
bifaciality factors are defined, the EY model explicitly accounts for the different front and
rear spectral response.

Besides the architecture illustrated in Figure 4.4, where the perovskite thin film solar
cell conformally covers the textured c-Si architecture, also a planar interface between the
two sub cells — and at the rear of the c-Si solar cell is possible. Both designs are
implemented as well. In case of a 4T interconnection, the two sub-cells are separated by
an optically thick coupling layer. Therefore, a combination of the above-mentioned
methods is typically used.

4.5 Electrics module: the current — voltage characteristics

The electrics module determines the temperature-dependent current density —
voltage (J-V) characteristics accounting for series Rs and shunt resistances Rsy for a given
JSC of the sub-cells forming the tandem device in either a two-, three or four-terminal (2T-
, 3T- or 4T) configuration. The electrics module then calculates the maximum power (MPP)
point for each hour of the year. With this, the power output of the tandem module as well
as the EY is determined. To derive the J-V characteristics for a given Jsc, the Shockley diode
equation is used (see section 2.1):

V+]'Rs V+J]-R kgT
JWV) =Jsc —Jo (e Wi — 1> — % with: Vi, = BmTodule' 4.9.
SH

with the dark saturation current density Jo, the ideality factor n, the Boltzmann constant
ks, the elementary charge g, and the thermal voltage Vin. For realistic electrical modelling,
the module temperature Tmodule has to be taken into account as well. However, Tmodule
crucially depends on a wide range of parameters such as the meteorological conditions
and the heat transfer inside the different components of the solar module. Since a rigorous
thermal modelling of the absorbers in photovoltaics is a complex matter [128,129], an
established empirical model based on the nominal operating cell temperature (NOCT) is
used in the EY framework [130,131]. This model takes into account that the insolation S
heats up the solar module above the ambient temperature Tambient and can be described
by:
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NOCT — 20°C
Tmodule = Tambient + W - S. 4.10.

In this regard, the NOCT is defined as the temperature reached by a module under an
insolation of 800 Wm™, a wind speed of 1 ms™ and an ambient temperature of 20°C. For
the calculations provided in this thesis a NOCT of 48°C is used, which represents a typical
average module temperature [131].

The impact on the band gap due to a varying absorber temperature is modelled by
temperature coefficients ¢, . and ¢, ., which scale the Jsc and Vocaccordingly.

tVoc

VOC = VOC,O <1 + 106 (T - T0)> 4 11
t]sc

Jsc=Jsco(1+706 (T —To) 4.12.

The temperature coefficients for the Voc and Jsc are defined at To= 25°C and expressed in
ppmK? [132] and can be extracted from literature [133]. To solve the transcendental
Equation 4.9. the Lambert-W-function is used, which allows the determination of a closed
solution for the open-circuit voltage Voc,o at To and at any given temperature T [134,135].

IORSH m
Voco = Usc + Jo)Rsu — nVi, - W e W
nVin

4.13.

R Usc+ Jo—DRsu
JoRsu S )— VET 4+ Voo 4.14.

V()= —JRs+ Usc + Jo = DRsy — nVy, - W( "y
th

This enables the electrical module to calculate the power output by deriving the MPP
point of the J-V characteristic curve for each hour of the year. The total power of the
tandem module is then dependent on the actual electrical interconnection of the two sub
solar cells. For a 2T configuration, the sub cells are connected in series and the current is
limited by the lower current of both:

Py = Vmpp - min(]MPP,top ) ]MPP,bottom)- 4.15.

In a 4T configuration, both sub cells are operated individually at their distinct MPP
points and the total power is derived by the sum of the power of each sub cell:

Py = VMPP,top ']MPP,top + VMPP,bottom * JMPP,bottom 4.16.

In a 3T electrical interconnection, two interdepended electrical circuits are operated
and no analytical solution to derive the J-V characteristics is available. Therefore, the J-V
characteristics of the 3T is simulated numerically with the electronic circuit simulator
LTspice (from Linear Technology). With LTspice, the electrical response of the equivalent
electrical circuit modelling the module is simulated. Currently, this module is still under
development by F. Gota [136].
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4.6 Energy yield calculation

The energy yield core module manages the in- and outputs of the above described
modules (see Figure 4.2) and calculates the EY over the course of one year of the sub-cells.
In addition to that, the core module offers various additional features, such as the
calculation of the EY for:

(i) different locations,

(ii)  mono- or bifacial solar modules,

(iii) 2T, 3T or 4T electrical interconnections,

(iv) static tilt and/or rotation of the solar module,

(v) dynamic/time-dependent tilt and/or rotation (1- and 2-axis sun tracking),

(vi) and different albedo.
For this, the EY is calculated for each hour of the year by combining the spectral and
angular resolved irradiance with the absorptance of each sub-cell and their electrical
properties. Therefore, to derive the EY, the Jsc has to be determined first. The Jsc is
dependent on the absorption of the sub-cells and on the insolation to the solar module.
Since, the orientation of the solar module is a variable quantity in the EY framework, the
polar Osun and @sun azimuth angle of the sun coordinates S need to be transformed into the
local coordinate system of the solar module for each hour of the year:

!
95111’1 - 95111’1

®sun ~ Psun- 4.17.

The rotated sun coordinates S’ are obtained by a quaternion rotation q about the
corresponding Euler angle 8. about the Euler axis, given by:

st o cosfe o
= qSq with  q = cos—+ (Sxx + Syy + S,z) sin > 4.18.

Compared to rotation matrices the quaternion rotation is numerically more stable and
especially avoid the problem of gimbal lock [137]. The gimbal lock is the loss of one degree
of freedom in a three-dimensional system, which occurs, when two axes of the three
gimbals! are driven into a parallel configuration (e.g. by a rotation), "locking" the system
into rotation.

To calculate the Jsc, the contribution of direct and diffuse sunlight is considered
separately in the following. The direct irradiance from the sun is considered point-like at
the position of the sun in the local coordinate system S’. Therefore, the direct short-circuit
current density jgér is derived by the integration over the product of the collection
efficiency X, the absorptance A of the corresponding sub-cell, the direct irradiation /g, and

the cosine of the angle between the sun and the normal of the solar module 8’syn.

1 A gimbal is a pivoted support that allows the rotation of an object about a single axis.
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i q 1 ’
8 = L [ XIAG, Bhan) e (DA cO5(Blur) 02
with 8.4, < 90°, T(8Lyn, Phun) = 1 4.19.

The elementary charge, the Planck constant and the speed of light are denoted by g, h and
c. It is important to note that the ]g(i;r is only calculated for accessible angles of the suns’
position 6., < 90° and T(Oiyn, Piun) = 1. Where 6, < 90° describes the possible
maximum elevation of the sun, the function I'(8’,¢") defines all polar coordinates in the
local coordinate system of the solar module from which light can (I' = 1) or cannot (I' = 0)
impinge on the solar module. This is crucial for rotated or titled module orientations,
where part of the direct (and diffuse — see below) irradiation reaches the rear side of the
solar module (see Figure 4.5). In fact, for bifacial solar modules, this share is separately
considered by the calculated absorption for rear side illumination.

For the diffuse irradiation l4ir, @ Lambertian distribution of the light over the upper
hemisphere is assumed. It should be noted that also measured data could be used.
Analogous to the direct, the diffuse short-circuit current density /& is derived by the
additional integration over the polar and azimuth angles:

Jdife _ % f f f XA, 62, 4i5e(A)cos(8")AT(E", ') sin(0") dep’ d6'dA. 4.20.

For tilted solar modules, the additional contribution of ground-reflected light (albedo)
is considered. In this regard, the EY model assumes a Lambertian distribution of the albedo.
The spectral reflectivities of various grounds (=3400) are extracted from the ECOSTRESS
spectral library [138,139] and the albedo is subsequently scaled by the level of direct and
diffuse irradiance.

Figure 4.5. Schematic of a rotated solar module. From angles below the horizont in the pristine coordinate
system S cannot access the solar module by the direct sunlight. This solid angle is only accessible by albedo.
Further, a part of the solar module is shadowed in rotated coordinate system S’ and only bifacial cells can
benefit from light impinging on the solar cell from this solid angle.
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The additional current generated by the albedo is added to the total short-circuit current
density for the top and bottom solar cell individually.

tot _ gdir diff diff,albedo—front
Jsc = Jsc + Jsc + Jsc 4.21.

When considering bifacial solar modules with albedo, three further contributions
should be considered. Firstly, the albedo, which reaches the bifacial solar module from the
rear side. Secondly, the direct and third the diffuse irradiance impinging on the rear side
of the bifacial module. Therefore, the total short-circuit current density J$2' has to be

extended by those terms:

tot _ gdir diff diff,albedo—front diff,albedo—rear dir,rear diff rear
Jsc = Jsc tJsc t Jsc + Jsc + Jso T+ e T 4.22.

Due to self-shading effects by the module installation, the contribution of albedo has
to be modified. The self-shading mainly scales with the module installation height and is
implemented in the EY framework according to the light-collection model introduced by
Sun et al. [140]. The implementation to the EY framework and the contribution of the
albedo to the short-circuit current density of bifacial modules was studied in more detail
by J. Lehr [85].

So far, only static tilts and rotations have been discussed. Since the above-mentioned
calculation of the individual contributions to the total Jsc are performed for an hourly time-
resolution, the evaluation of time-dependent tilts or rotations of the solar module are also
possible. Therefore, various one- and two-axis tracking algorithms have been implemented
[141]. In general, tracking the position of the sun is increasing the annual EY. The more
sophisticated this tracking is, the higher the annual yield.

4.7 Demonstration of the energy yield framework

To demonstrate different aspects of the EY framework, exemplary studies are discussed in
the following. Firstly, different tracking methods are showcased for a 2T perovskite/c-Si
tandem module. Secondly, 2T, 3T and 4T solar module interconnection schemes are
compared. Thirdly, the impact of albedo on mono- and bifacial 4T tandem modules is
evaluated. For all studies a similar layer stack of a double sided-textured c-Si solar cell
coated with a thin-film perovskite solar cell is used. The layers and corresponding
thicknesses are illustrated in Figure 4.6. The electrical parameters are summarized in Table
1 and correspond to the ones used in a previous publication [86]. The refractive indices of
the layers are summarized in the Appendix

To assess the potential of different tracking methods, the layer thicknesses are kept
constant. It should be noted, that minor enhancements are expected by further optimizing
the layers for each tracking method. For the one-axis tracking, two algorithms are
analyzed: (i) a rotation around the zenith, where the tilted solar module moves only from
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east to west, and (ii) a rotation about a fictious axis on the tilted solar module from south
to north, where the module can only toggle to west and east (see Figure 4.7a). For both
one-axis tracking methods, the normal of the tilted solar module follows the azimuth angle
of the sun @sun. In case of the two-axis tracking, the normal of the tandem solar module
follows the sun’s position every hour of the year.

The EY for different tracking methods is evaluated for a 2T perovskite/c-Si tandem solar
module and compared with the EY for an installation under optimal tilt and with that of a
module lying horizontally on the ground. Compared to the fixed optimal tilt, the one- and
two-axis tracking of the sun demonstrate a strong increase in the annual EY (Figure 4.7b).
The EY improves by up to 23% and 32% for the one- and two-axes tracking, respectively.

4 terminal (4T) 4 terminal (4T) 2 terminal (2T) 2 terminal (2T)
bifacial monofacial monofacial bifacial
ARC 130 nm

Glass

EVA

ITO 120 nm
/
Al
500 nm /

Tio,
Figure 4.6. Layer stack of the perovskite/c-Si tandem solar cell(s) used for the demonstration of the EY
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Encapsulation

ITO
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c-Si

a-Si
ITO
Encapsulation
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ARC nm

framework. For simplicity, the layer thicknesses of the two-terminal (2T) and four-terminal (4T) architectures
are assumed to be equal. Compared to the 2T, in the 4T an additional glass-like optical spacer (denoted as:
“encapsulation”) is implemented.

Table 1. Electrical input parameters used for the demonstration of the EY framework.

‘ Rsi (Q) Rs(Q) x Jo(mAcm?) n trec (PPMK™)  ty, (ppmK?)
Tandem 850 15.9
Top 1300 10.9 1 8E-15 1.43 0.0002 -0.002
Bottom 800 5 1 1E-14 0.82 0.00032 -0.0041
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Especially around midday, the optimal tilt (28° for Phoenix) is far superior compared to
the solar module lying horizontally on the ground (see Figure 4.7c). This is due to the
reduced angle of incidence of the sun during this time (see Figure 4.7d). The tilted solar
module almost pointing towards the sun. In Figure 4.7c-d, an exemplary day
(November 19%™) is depicted for the location Phoenix (Arizona) to display the hourly change
in power output. By following the sun with a one-axis tracking, the received power
increases. With the one-axis tracking, the maximum power output is maintained at noon,
but power generation is improved especially in the morning and evening when the sun
rises and sets. In this regard, the east-west tilt makes better use of sunrise and sunset
irradiation. In addition, when the solar module is tracked by two-axes, the maximum
intensity is better projected on the solar cell and the overall EY is highest during the full
day.

Tracking of the solar module changes not only the intensity, but also the spectrum of
the light incident on the solar module. This is well described by the average usable photon
energy (AUPE). The AUPE is the average photon energy (APE) that can potentially be used
by the solar module (here: 300 nm-1200 nm). For a second exemplary day (here
June 14%) the AUPE is shown in Figure 4.7e. Due to the two-axes tracking, the APUE is
significantly reduced in the early morning and late afternoon. This is due to the fact that
the share of direct irradiation, which has a lower APE, is now higher. In contrast, at optimal
tilt, the higher APE of diffuse radiation in the morning and afternoon dominates the AUPE.

Comparing the obtained Jsc of the two sub-cells for the selected day, it becomes clear
that the perovskite solar cell always delivers a higher current than the c-Si cell for optimal
inclination. However, in the two-axis tracking this trend is reversed (for sun rise and sun
set) and the currents for bottom cell are slightly higher, and overall better matched. The
improved matching is caused by the fact that the AUPE is closer to the band gap of
perovskite. This reduces the annual energy loss due to mismatch from 51.2 kWhm2a to
only 44.0 kWhm2a?,

In summary, these observations show that tracking methods can reduce the relative
energy loss due to current mismatch caused by spectral variations. Moreover, this also
indicates that the architecture and particularly the layer thicknesses should be adapted to
the respective operating scenario.

Besides the different tracking methods, also the actual electrical interconnection
scheme affects the annual EY. Here, the 2T, 3T and 4T electrical interconnection is
compared to each other. For this, the same 2T double-sided textured perovskite/c-Si solar
module is used, as used for testing the tracking methods. For the 3T interconnection, the
2T monolithic layer stack is used. In case of the 4T architecture, the two sub-cells are
stacked together with an encapsulation as optically spacer (see Figure 4.6). It should be
noted that these assumptions are very rudimentary.
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Figure 4.7. EY of a perovskite/c-Si multi-junction solar module for different tracking methods for a single day
and the complete year in Phoenix (Arizona, USA). (a) Schematic of two different 1-axis tracking methods; (b)
the angular EY; (c) the EY for a chosen day (November 19th); (d) the sun’s polar 8sun and azimuth angle @sun
as well as the direct and diffuse irradiance for the same day; (e) the average usable photon energy (AUPE)
for a chosen day (June 14th) and (f) Jsc of the top and bottom solar cell for optimal tilt (green) and 2-axis
tracking (red) for the same chosen day (June 14th). Adapted with permission from ref. [84], © 2019 Optical
Society of America.

Compared to the 2T architecture, the intermediate encapsulation and the front
electrode of the bottom c-Si sub-cell increase the parasitic reflection in case of the 4T
architecture (see Figure 4.8a and b). Moreover, for the same layer thicknesses, the
absorption in the top perovskite solar cell is reduced. The overall EY for the three
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configurations is highly dependent on the location (see Figure 4.8c). In the northern
(temperate and boreal) regions the annual EY is lower, compared to the southern more
tropical or arid locations (Miami and Phoenix). Employing the 3T or 4T electrical
interconnection avoids the current mismatch characteristic of the 2T, and thus lead to an
average increase in EY by 7%el and 4% for all considered locations, respectively.

(@ 10 (b) 10

0.8 0.8
8 8

c 0.6 c 0.6
© ©
a a
(o) [e)

204 ¢ 204
< <

0.2 0.2

0.0 0.0

400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
(c) @ .,

No albedo Phoenix, Arizona
Sandstone

I Grass
" B Concrete

o7
Bl 37 1
| 4T 1
500 | -
NN NN NEN NN JE HE B HR

Portland Miami  Chicago Phoenix Monofacial 4T Bifacial 4T
(Oregon) (Florida) (lllinois) (Arizona)

[

o

o
1

700

Annual energy vyield (kWhm2a™)
Annual energy yield (kWhm2a)

o

Figure 4.8. Absorptance of the individual layers in the (a) 2T and the (b) 4T multi-junction solar modules. (c)
Annual EY for four locations with different climatic conditions: temperate (Portland, Oregon), tropical
(Miami, Florida), boreal (Chicago, lllinois), and arid (Phoenix, Arizona) for a 2T, 3T and 4T monofacial
perovskite/Si solar module. (d) Annual EY for a monofacial and bificial 4T perovskite/Si solar module with
three different ground surfaces (sandstone, grass and concrete) leading to different albedos. Adapted with
permission from ref. [84], © 2019 Optical Society of America.

Another interesting aspect, is the possibility to assess the performance of bifacial
double-sided textured perovskite/c-Si tandem solar modules within the developed
framework (see Figure 4.8d). Compared to the monofacial 4T perovskite/c-Si tandem, the
annual EY increases by 3%l for the bifacial architecture. This is due to the additional direct
and diffuse irradiation on the rear side of the solar module. In case of additional
consideration of different grounds, reflecting the light back towards the tandem module
(albedo), the strong impact on the bifacial modules becomes apparent. While the EY
enhances by =1%re for concrete and grass in the monofacial tandem in Phoenix for an
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optimal tilt, the bifacial module improves the EY by up to 20%re. Here the origin of the
albedo plays a significant role. In particular, grass-covered ground contributes an
additional 20%ye to the annual EY, while sandstone only 6%rel and concrete respectable
18%rel. These results highlight once more the strong impact of environmental conditions
on the annual EY of bifacial tandem solar modules.

Overall, the EY framework provides stimulating insights to the performance of solar
modules under realistic irradiation conditions. It becomes clear that conventional
specifications derived under STC are not suitable for credible predictions of the outdoor
performance of solar modules. Especially, for the recently heavily investigated
perovskite/c-Si tandem solar modules design rules can be derived for various technological

inquiries.

4.8 Summary and discussion

The present simulation platform, fast and accurately calculates the energy yield under
realistic irradiation conditions including a broad range of locations distributed over the
USA. It is able to account for planar single- and multi-junction solar modules as well as for
complex optical geometries: e.g. microtextured interfaces between the individual sub cells
or textured front glass covers. Furthermore, various one- and two axis tracking algorithms,
fixed tilts, various albedo and bificiality of the solar modules can be examined. Moreover,
the multi-junction solar modules can be analyzed for 2T, 3T, and 4T interconnections.

However, it should be noted that the description of the electrical properties of the
modelled solar cells is based on the one-diode model. In reality, however, recombination
dominates in the pn-junction at lower voltages. Thus, the ideality factor also varies
depending on the irradiance and a more complex two- or multi-diode model could be more
accurate [142]. However, a two-diode model increases the complexity of the calculation
and requires knowledge of the additional electrical properties of the second diode [143].
For 2T and 4T electrical interconnections, however, the single-diode model used is
sufficiently accurate, as it deviates from the experimental data by less than 1% [144].
Independent thereof, for the 3T circuit, a more detailed approach based on a numerical
modelling is currently being developed in our group (see ref. [136]).

For the temperature modelling, an established empirical model based on the nominal
operating cell temperature (NOCT) is used [130]. This model is only a rough approximation,
and strongly depends on the assumption of the NOCT value, giving the average module
temperature [131]. Since the temperature of the absorbers has a significant impact on the
current density — voltage characteristics of solar modules, a rigorous thermal modelling
would lead to superior description of the absorber temperatures. Since, parameters like
the ambient temperature, wind speed, total insulation are known for each hour of the year
for every location, this seems possible, although it would be a complex matter [128,129]
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and needs experimental validations. Furthermore, depending on the degree of complexity,
this might slow down the overall simulation speed significantly.

Moreover, the suggested cloud model is very simple and therefore, the spectrally
adjusted diffuse irradiance is distributed homogenously over the full upper half sphere. To
improve this — and to provide additional directional dependency, a unified and
comprehensive radiative transfer model for clouds needs to be developed and employed
within the energy yield framework. So far this has not been reported and should be one of
the further concerns [119-121]. Nevertheless the simple cloud model already provides
realistic diffuse spectral resolved irradiances [118]. In addition, the calculated annual
energy yields match very well to others, which developed a similar simulation frameworks
[107].

In the further course of the work, the EY is estimated for single junction c-Si as well as for
perovskite/c-Si tandem solar cells to review the proposed light management concepts and
examine them under realistic irradiation conditions. This will provide detailed insights into
mostly the angular and specular dependency of the employed concepts.
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5  Microtextures for improved light incoupling and light
harvesting by retro-reflection

This section discusses the excellent light incoupling and moreover superior light harvesting
properties by retro-reflection of microtextures. The investigated microtextures
demonstrate a superior reduction of the reflection losses at the front planar air/glass
interface of solar cells. Eliminating the front air/glass reflection, enables an absolute
improvement of around 4% for normal incidence and up to 80% for oblique angles of
incidence. This is of significant importance to almost any photovoltaic technology.
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5.1 Introduction

In order to achieve high power conversion efficiencies (PCE) of any solar cell technology, it
is key to guide as much light as possible to the photoactive layer(s) of the photovoltaic (PV)
modules. Therefore, light management concepts are inevitable to ensure high absorption
and minimize parasitic losses. The first loss of conventional PV modules occurs already at
the very top interface of the modules. Typically, the modules are encapsulated with a glass
cover to withstand realistic operation conditions [30]. This means that at normal light
incidence, already =4%.abs of the light is reflected at the air/glass interface. In addition, at
oblique angles of =80°, the Fresnel reflection even increase to =40%abs. Since PV modules
usually are operated under realistic irradiation conditions, which are suspect to variable
angle of incidence, the energy harvesting of photovoltaic modules need to be optimized
for all angles of incident.

In order to maximize the energy yield of PV modules, microtextures with dimensions
in the order of multiple wavelengths are usually employed to reduce surface reflection and
enhance light trapping by increasing the optical path length of the light inside the absorber
layer!. In this regard, the most prominent representative are the random pyramids on the
mono-crystalline silicon (c-Si) solar cells. In case of thin-film solar cells, where the layer
thicknesses are limited to a few 100 nm, micro-texturing the absorber is typically not
applicable. Here, microtextures are usually applied in transparent polymers [59], and first
work already demonstrates the transfer and integration in the module front glass cover
[30]. These non-invasive implementations are of high significance, since the
implementation at the front surface of the solar modules, leaves the absorber layer
unaffected and makes their employment independent on the architecture and technology.

In the following section, the light management of microtextures are studied for single
junction c-Si solar cells and perovskite/c-Si tandem solar cells. For this purpose, cones,
inverted cones, pyramids and inverted pyramids are analyzed. The key features of those
microtextures are the ability to (1) strongly reduce the reflection loss for a broad spectral
and angular range, as well as (2) recapture escaping light by the retro-reflection effect. The
retro-reflection describes the property to redirect the light towards the solar cell via the
back-reflection of the micro-texture, which causes an increase in the probability of
absorption. Combining these excellent properties is very important and key for any good
anti-reflection texture.

First, the anti-reflection and retro-reflection capability of the four different textures
are analyzed by ray-tracing simulations (section 5.2 and 5.3). It is found that for increasing
aspect ratio (AR) of the microtextures, the front reflectance tends towards zero. However,
due to an angular redistribution of the transmitted light, the total reflection is strongly

L This is true for thick absorbers like crystalline silicon. Thin-film solar cells, will benefit mostly from the enhanced light
incoupling.
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influenced by the reflection properties of the underlying surface — e.g. the solar cell.
Therefore, the light harvesting properties of the different textures by retro-reflection is
analyzed for different reflectance properties.

Next, micro-cones are experimentally fabricated and implemented on top of planar
and textured thin-film c-Si solar cells (section 5.4), leading to improved current densities
of =12%rel and =5%r.; compared to the planar (encapsulated) reference, respectively. In
addition, the micro-cones as well as inverted pyramid textures are applied on top of
semitransparent perovskite/c-Si tandem solar cells and lead to enhancements of up to
10%rel in the PCE.

Besides the artificial produced microtextures, also biomimetic textures are analyzed in
section 5.5. With regard to biomimetic textures, especially plant surfaces demonstrate
similar conical microtextures as the ones simulated and designed in the beginning of this
chapter. Moreover, the viola texture replicated on top of planar c-Si solar cells
demonstrates enhancements of =6%rel in the Jsc.

Finally, energy yield (EY) simulations are performed on the perovskite/c-Si tandem
solar modules covered with the inverted pyramid microtextures. Due to the excellent
angular stability of the microtextures, the enhancements in the EY exceeds those of the
PCE by =2%el.

5.2 Light-incoupling via microtextures

In order to decrease reflection losses at the planar air/glass interface of solar cells,
different microtextures are evaluated. The microtextures improve the light harvesting of
the solar cell in three ways:
i. they enhance the transmission at the air/glass interface by reducing the
front surface reflection,
ii. they improve light trapping by enlarging the angle of light propagation
inside the absorber material, and
iii. they redirect light reflected by the solar cell back to the solar cell (retro-
reflection).

In the following, four different textures are analyzed: cones, inverted cones, pyramids and
inverted pyramids (see Figure 5.1). All textures are defined in the following by their aspect
ratio AR, which is defined by the ratio of their height h and base length d. The AR is linked

to the inclination angle B by

h tan(B)
AR = = = . 5.1.
d 2

Due to rays impinging multiple times on the texture elements, the overall probability to
incouple light increases compared to the planar reference. For sufficiently high textures
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(large AR), the light is trapped between the texture elements (e.g. cones or pyramids) and
the total front surface reflectance is therefore strongly reduced (see Figure 5.2a). For all
four textures, the front surface reflectance decreases abruptly from =4.8%, which
represents the planar reference (AR = 0) with a refractive index of n = 1.56, to values below
1% for AR > 0.5. For very high aspect ratios (AR > 1), the front reflectance is further
decreased and tends towards zero.
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Figure 5.1. lllustration of the four different textures simulated. The (a) cones and (b) inverted cones are
simulated in a (c) hexagonal unit cell with reflecting boundary conditions. The (d) pyramids and (e) inverted
pyramids are simulated in a (f) square unit cell. For all textures, the inclination angle B is defined as the angle
between the base and the sidewall and the aspect ratio AR is given by the quotient of height h and width d.
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Figure 5.2. Front surface reflectance of different textures with (a) different aspect ratios and (b-c) for
different angle of incidence. The cones, inverted cones, pyramids and inverted pyramids demonstrate a
steep decrease in reflectance at normal incidence for aspect ratios above 0.5. Moreover, at large angle of
incidence, the reflectance is drastically reduced compared to a planar air/glass interface.
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Another strength of the microtextures is their ability to reduce the front surface
reflectance efficiently for non-normal incidence. In Figure 5.2b and c, the reflectance for
textures with an AR of 0.5 and 1.5 is illustrated for angles of incidence up to 80°. All four
textures demonstrate extremely low reflectance and very low angular dependence. For an
AR of 0.5, the front surface reflectance at 80° decreases to only =8%abs and =6%aps for
pyramids and inverted pyramids, respectively. For higher ARs, the front reflectance only
contributes for angles of incident above 50° and increases to values around 4%aps only.

The textures do not only strongly reduce the front surface reflection, but also change
the angular distribution of the transmitted (and reflected) light. In case of a planar
interface, the angle of light propagation is given by Snell’s law. For arbitrary textures,
deriving an analytical formulation is not straightforwardly possible. To cope the full nature
of the presented textures (cones, inverted cones, pyramids and inverted pyramids) and to
study the influence of the aspect ratio on the ability to improve the light harvesting in
photovoltaics, ray-tracing simulations are performed. For details on the ray-tracing
method see chapter 3.1.1.

For the ray-tracing simulations, the commercially available software LightTools from
Synopsys is used. To simulate the cones and inverted cones, a hexagonal unit cell of 3D
overlapping cones is simulated (see Figure 5.1c). For the pyramids and inverted pyramids,
a square lattice is used (see Figure 5.1f). The unit cell is illuminated with 108 parallel rays,
which were sufficient for convergence of all the models. At the backside of the model, a
perfect absorber is defined. Therefore, the attained reflectance and transmittance
accounts only for the reflectance and transmittance at the front surface (the air/texture
interface). To investigate the optical performance of the textures, different aspect ratios
AR are modelled and simulated. Moreover, the polar 6 and azimuthal ¢ angle of incidence
are varied. For each set of incident angles, the reflected and transmitted light is obtained
dependent on their polar and azimuth angle of emergence. For the azimuth angle the
symmetry of the texture is exploited. For cones, 0°, 15°, 30°, 45°, 60°, 75°, and for pyramids
only 0°, 15°, 30° and 45° are simulated.

Moreover, the simulations are performed for top illumination as well as for bottom
illumination. For top illumination, the light source is placed in air and the rays are directed
towards the texture. For bottom illumination, the source resides inside the bulk with
refractive index of the textures pointing upwards. The material of the textures is modelled
as glass with a dispersion-less refractive index of n = 1.56 without any absorption. For both
sides of illumination, incident angles and aspect ratios, the simulations provide the angular
resolved reflectance and transmittance. The reflectance and transmittance can be
described by the following expression: {R, T }top,bottom} (Oins Pins Oouts Pouts AR)-

As an exemplary case, cones with an AR =0.8 are considered in the following. For
normal incidence (6i, =0°), the reflectance for top and bottom illumination (Rtop, Ttop,
Rbottom and Thottom) at the cones with an AR = 0.8 are illustrated in Figure 5.3. The color bar
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provides the probability for rays to be either reflected (a and b) or transmitted (c and d) in
distinct set of angles Bout and @out. The integration over both angles, gives the total
reflectance and transmittance (see number below the color bar). Compared to the
transmittance at a planar air/glass interface, the total transmittance is increased from
95.2% to =99.8%.

Similarly, the total reflectance at the front surface for illumination from the top is
decreased to =0.2%. In addition to the change of total reflectance and transmittance, the
distribution of the light strongly deviates from the planar reference. In the planar
configuration the angle of light propagation is not changed (for normal incidence) and this
would be represented by only a single spot at {Bout, ®out} = {0°,0°}. The transmittance for
top illumination shows an increased probability of transmittance towards an angle of
Bout = 25° (see Figure 5.3c). Moreover, the hexagonal nature of the unit cell becomes visible
by the hexagonal symmetry in the reflectance and transmittance (see especially Figure
5.3b).

Top reflectance (b) ARO.8, 0, =0° Bottom reflectance

(a) ARO.8, 0, =0°

I 1E-06 l 1E-06
- 7E-07 - 7E-07
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(c) ARO.8, 6, =0° 0 Top transmittance (d) ARO.8, 6, =0° 0 Bottom transmittance
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Figure 5.3. Angular resolved reflectance and transmittance probability for cones with an aspect ratio AR = 0.8
for light incident under normal incidence. The angular distribution of reflected and transmitted light is
displayed for: (a) reflected and (c) transmitted light for top illumination and (b) reflected and (d) transmitted
light for bottom illumination.
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For the illumination from inside the texture in direction of the air, the reflected light is
strongly redistributed as well (see Figure 5.3b) — and the total reflectance increases to
=8.0% — compared to the planar reflectance of =4.8%. This ability to increase reflection
and redirect the light back to the solar cell is referred to as retro-reflection. Depending on
the actual angle of incidence from bottom, the retro-reflection changes in absolute and
angular distribution. For distinct configurations, it can strongly contribute to the light-
harvesting properties.

5.3 Concept of retro-reflection

As seen by the increased reflectance (Rbottom) for light travelling upwards, towards the
textured glass/air interface (see previous section), the textures provide excellent
properties for retro-reflection. Exploiting this retro-reflection can be beneficial for
improved light harvesting inside a photovoltaic (PV) module.

The light harvesting properties of the cones, as well as of the inverted cones, pyramids,
and inverted pyramids follows the same concept. First, the angular distribution of light
incident at a textured interface is changed. Figure 5.4 illustrates the redistribution of the
incident light by the micro-texture (see green arrows). Assuming a specular reflection
(black arrows in c) of the transmitted light at a solar cell, the redistributed light reaches
the texture from below under certain angles, which are depended on the texture itself, on
the aspect ratio AR and on the angle of incidence. Depending on the geometry of the
micro-texture and the angles 8 of the light traveling upwards, retro-reflection occurs at
the texture/air interface, which redirects the light back to the solar cell (red arrows).

For an AR of 0.8, the distribution is displayed in Figure 5.5a. Typically, for one angle of
incidence, multiple propagation angles 8 of the transmitted light are apparent. Compared
to the planar interface they are increased for normal and near normal incidence. For
oblique angle of incidence, the angular distribution of transmitted light broadens.
Similarly, Ruottom for different angle of incidence 8in broadens and the amount of light being
reflected increases with increasing angle of incidence (see Figure 5.5b).

(a) Incident light Transmitted light (c) Planar reflection Retroreflected light

/\*/\*/\*/\/\/vvvv\/vvv\/vvvvv\

Microtexture

Rbottcm

Solar cell
I I I

Figure 5.4. (a) The incident light is efficiently incoupled and transmitted inside the texture. (b) The
transmitted light changes its angular distribution to larger angles. (c) Light, reflected by the solar cell is
propagating towards the micro-texture/air interface. (d) Retro-reflection of the light towards the solar cell.
Adapted reprinted with permission from ACS Photonics 2017, [145]. © American Chemical Society.
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Figure 5.5. (a)Transmittance and (b) reflectance of cones with an aspect ratio AR = 0.8. The angular resolved
transmittance and reflectance is displayed for different angle of incidence.

Efficient retro-reflection occurs, when most of the light incident from below is reflected
back towards the solar cell, giving it a second chance to be absorbed. This effect is
amplified, when high scatter angles 8; are combined with a high probability for reflectance
Ruottom Under these specific angles. To estimate the potential of different textures, a retro-
reflection coefficient is defined by convoluting the angular resolved transmittance from
top Tiop With the angular resolved reflection from bottom Ruottom.
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Figure 5.6. Retro-reflection coefficient for cones, inverted cones, pyramids, and inverted pyramids for
different aspect ratios. The retro-reflection coefficient estimates the potential of different textures to
redirect light reflected by the solar cell back to the solar cell.
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Here, the angle of incident corresponds to 6i, and the scatter angle to Bo.t. The calculated
retro-reflection coefficient RR is displayed in Figure 5.6. For the planar reference, this
equals a RR of 4.5%, which exactly matches the assumed probability in a system with
parallel interfaces.

The RR however, strongly increases for larger AR. For pyramids and inverted pyramids,
the retro-reflection is very strong for an AR = 0.5. Here, around 70% of reflected light will
be redirected back towards the solar cell. The cones and inverted cones show retro-
reflective properties of around 50%. Unique for the cones, is a second strong increase in
the RR for an AR around 0.8. Moreover, compared to the other textures, the RR stays high
(>50%) for larger AR.

5.4 Light harvesting by retro-reflection in solar cells

To analyze the light harvesting by improved light incoupling and trapping, the different
textures are analyzed with various realistic substrates at the rear of the texture. Therefore,
(a) a perfect absorber, accounting for front surface reflection only;
(b) a planar silicon surface, determining the retro-reflection on specular
reflecting samples;
(c) a random upright textured silicon surface to investigate the retro-
reflection on diffusive reflecting substrates;
(d) and a semitransparent perovskite solar cell for tandem applications are
considered.
The total reflectance Riotai for normal incidence and at 600 nm for all four textures is
displayed in Figure 5.7. The specular resolved total reflectance Riotal(1) is provided for
micro-cones in Figure 5.8. Moreover, the simulated reflectance is compared to
experimentally obtained values for micro-cone textures (points in Figure 5.7). Finally, the
micro-cones textures are applied on planar and textured silicon solar cells (see Figure 5.9)
as well as on perovskite solar cells (see Figure 5.12). In addition, inverted pyramid textures
are shown on perovskite/silicon tandem solar cells (see Figure 5.13).

5.4.1 Minimizing reflection of different substrates with microtextures

For all textures and all substrates, the total reflectance is strongly reduced starting from
AR = 0.5 compared to the planar (AR = 0) reference (see Figure 5.7 and Figure 5.8). The
total reflectance Riotal for the different textures and aspect ratios is derived by a series
expansion of probability matrices for top and bottom reflectance and transmittance Tiop,
Rtop, Tbottom, @and Ruottom and the reflectance of the substrate Rsubstrate following the possible
ray paths within the textured layer. The angular and specular resolved reflectance of the
different substrates used for the calculations is computed with the optics module of the
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energy yield framework (see details in chapter 4.4). The refractive indices of the c-Si and
perovskite solar cells are summarized in Appendix A.

Combining the optical response of the different substrates with the ones from the
different textures by following the rays of light with their specific probabilities, the total
reflectance Riotalis then given by the following series expansion:

Rtotal = Rtop + TtopRsubstrateTbottom + Z Ttop (Rcelleottom)chellTbottom- 5.3.
k=0
In case of a perfectly absorbing substrate (see Figure 5.7a), all textures demonstrate a
steadily decreased reflectance for larger ARs. Since no light is reflected back from this
substrate, the curves equate the reported front reflectance in Figure 5.2. Moreover, the
Riotal does not show any wavelengths dependence (see Figure 5.8a).
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Figure 5.7. Total reflectance Riotal for normal incidence of cones, inverted cones, pyramids, and inverted
pyramids on (a) a perfect absorber, (b) a planar silicon layer, (c) a textured silicon layer with random upright
pyramids, and (d) a semitransparent perovskite solar cell at a wavelength of 600 nm. The points are
experimentally measured data of cones out of a UV curable glass-like resist (NOA88). The dataina, b and c
is extracted from the collaborative work in ref. [78].
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Figure 5.8. Specular resolved total reflectance Riwtal for different aspect ratios for micro-cones on top of an
(a) perfect absorber, (b) a planar silicon, (c) a textured silicon, and (d) a semitransparent perovskite cell. The
aspect ratio 0 corresponds to the respective planar reference layer.

For the planar silicon substrate, the retro-reflective behavior of the different textures
comes into its own. In contrast to a perfectly absorbing substrate at the back of the texture,
a planar silicon layer shows a strong specular reflection. Equipped with a planar
encapsulation (AR = 0) with refractive index n = 1.56, the planar silicon substrate reflects
around 23% of the incident light at a wavelength of 600 nm. Nevertheless, similar to the
absorber, all microtextures on top of the planar silicon substrate lead to a sharp minimum
in Riwotal at AR =0.5. Here, the reflectance is reduced by =60%el to 8.5%abs. Whereas all
textures perform equally well at AR = 0.5, the micro-cones reveal a second minimum with
a reflectance of only 8%abs for slightly higher AR of around 0.85. Here, the inverted cones,
and both, the pyramids and inverted pyramids demonstrate an increased reflectance. For
larger AR (>1.0), the reflectance increases for all the microtextures and reaches
=10 - 13%abs. For longer wavelengths (=1100 - 1200 nm), the retro-reflective effect is
decreased for high aspect ratios (see Figure 5.8b). Here, the total reflectance is increased
compared to the planar reference. On the other side, ARs between 0.5 and 1.4
demonstrate a very good reduction on the overall reflectance for all wavelengths.

For a diffuse reflecting textured c-Si substrate, this second minimum of total
reflectance is less pronounced and shifts to an AR of 0.75. Moreover, almost no spectral
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dependency is visible for the cones on top of the textured silicon substrate (see Figure
5.8c) and increasing aspect ratios do not lead to a significant increase of the total
reflectance as for the specular reflecting planar silicon. At 600 nm, all textures perform
very well and reduce the reflectance by =60%e. For high aspect ratios (>1.5) all textures
demonstrate very low reflectance of =2%abs.

The total reflectance Riwta of the perovskite stack (glass/ITO/SnO,/perov-
skite/spiroOMeTAD/ITO) follows the trend of the planar silicon layer for a wavelength of
600 nm (see Figure 5.7d). The minimal reflectance is given by the cones with an aspect
ratio of AR = 0.85. This optimum hold, as well even after considering the full spectral range
of 300 — 1200 nm (see Figure 5.8d). At 600 nm, the reflectance decreases from 11%abs to
=3%abs.

5.4.2 Micro-cones on planar and textured silicon solar cells

The optical simulations promise strong reduction of the reflection losses by micro-cones
with aspect ratios (AR) equal and greater than 0.5. To verify the optical simulations, the
conical microtextures are fabricated by direct laser writing (DLW). The DLW process
enables to create freeform architectures on the nano- and micro-scale by a two-photon
polymerization process (see details in section 3.2.1 and 3.2.2 as well as in ref. [78]). The
micro-cones with 25 um diameter are written with the commercial resist IP-S (Nanoscribe).

In order to verify the trends of the simulations, micro-cones are replicated by an
intermediate PDMS mold directly on top of the different substrates (see Figure 5.7) and
solar cells (see below). For the replication an UV curable resist (NOA88) is used. The points
in Figure 5.7 represent measured values for replicated cones on the four different
substrates. The data for the absorber, planar and textured c-Si substrate are extracted
from ref. [78]. The measurements show the same trends for the different aspect ratios
(0.3, 0.46, 0.56, 0.73, 0.96, and 1.41) and different substrates. For the specular reflecting
planar silicon, the two minima (AR =0.5 and AR = 0.8) are apparent. In addition, the
decrease in Riotal for larger AR is visible for the absorber as substrate. It should be noted
that in the experiment an absorber with =1% reflectance was used, which explains the
offset in Figure 5.2a.

A reduced front surface reflection can lead to an increased absorption in the absorber
layer leading to an enhanced external quantum efficiency (EQE). This enhancement in the
EQE results in an increase in the short-circuit current density (Jsc). The efficient reduction
of the front surface reflection of the air/glass interface by the microtextures is exploited
in the following to improve planar and commercially alkaline-etched c-Si solar cells (see
Figure 5.9).

Moreover, semitransparent perovskite solar cells are examined to enhanced
absorption in the perovskite and improve the transmittance for the bottom solar cell (see
next section).
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Figure 5.9. (a) Planar crystalline silicon (c-Si) and (b) textured c-Si solar cells with cones of different aspect
ratios (AR) on top. The external quantum effciency (EQE) increases broadband for the cones applied on top
of the c-Si solar cells. The short-circuit current density (Jsc) for normal incidence significantly increases
compared to the planar reference as well as the bare solar cell (with an anti-reflection coating on top).
Moreover, the Jsc of the microtextured c-Si cells demonstrates a excellent angle stability compared to the
planare reference. Adapted with permission from ref. [78], © John Wiley & Sons.

Micro-cones with AR = 0.45, 0.73 and 1.41 are replicated on top of the planar silicon
solar cell (see Figure 5.9a). All ARs demonstrate an improved Jsc. The highest Jscis found
for an AR = 0.73, which is close to the simulated optimum of AR = 0.85 (see above). For
cones with AR =0.73 on the planar c-Si solar cells demonstrate an enhanced Jsc of 12%el
compared to the planar reference. As planar reference, a planar layer of the same resist is
used, which matches well with an encapsulation layer of a solar module. Since the bare
solar cell is optimized with a thin-film anti-reflection coating (ARC) for air, the Jsc of the
silicon solar cell with the planar resist layer is reduced from 34.7 mAcm2 to 33.1 mAcm?

Nevertheless, the micro-cones reduce reflection losses of the planar and the bare
planar c-Si solar cell and demonstrate a strong and broadband enhancement in the EQE.
Only at short wavelengths, the EQE is slightly decreased due to parasitic absorption in the
resist material. Moreover, especially the improvement in the EQE for wavelengths above
1000 nm clearly demonstrates the importance of the retro-reflection properties of the
micro-cones. Here, the enhancement is =15%abs, Which cannot be explained by the =4%abs
reduction in front surface reflection only (see Figure 5.2).

Here, strong retro-reflection and light trapping due to large transmittance angles are
apparent. Moreover, it should be noted that since this enhancement of the EQE and
therefore Jscis only an optical effect of the microtextures, the other electrical parameters
of the silicon solar cells are not changed (see Table 2).
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Table 2. Electrical performance of the planar silicon solar cells with and without micro-cones on top.
(Extracted data from the Supporting Information from ref. [78])

PCE (%) FF (%) EQE-Jsc (mAcm™?) Voc (mV)
Bare (average) 17.83+03 7841 34.7+0.1 659+5
Planar coating 16.8 78 33.1 651
AR=0.31 18.2 79 35.4 651
AR =0.46 18.8 79 36.6 649
AR =0.56 18.5 77 36.8 653
AR =0.73 19.4 79 37.0 665
AR =0.96 19.2 80 36.9 649
AR=1.41 18.7 78 36.5 656

For oblique angles of incidence, the textured planar silicon cells demonstrate a strong
improvement compared to the planar reference as well (Figure 5.9a). A higher aspect ratio
(AR =1.41) turns out to be more beneficial. This matches well with the optical simulations,
where higher aspect ratios demonstrated the most stable angular response. For the planar
coated reference and the bare solar cell, the Fresnel reflection increases drastically for
high angles. For the bare solar cell, the limited use of the thin-film ARC is clearly evident.

Since, the planar c-Si solar cells showed rather high reflection losses, the enhancement
of the Jsc by retro-reflective light trapping is relatively high. In order to demonstrate the
potential of the micro-cone textures, they are applied as well on top of state-of-the art
commercially alkaline-etched c-Si solar cells. The c-Si solar cells show comparably low
reflection (see Figure 5.9b). Compared to the planar reference coating, all micro-cone
textures improved the Jsc of the c-Si solar cell. Again, the highest enhancement is given by
micro-cones with AR = 0.73, which matches well to the simulated optimum of AR =0.75.
Here, the Jsc increases by 5.4% from 35.3 mAcm™ (planar reference) to 37.2 mAcm™
(micro-cones). This even surpasses the relative improvement by a single layer thin-film ARC
on the front encapsulation (glass) cover of =3% [148]. In the EQE measurements, a
broadband enhancement is visible (see Figure 5.9b). Again, it has to be notated that the
micro-cones only improve the optics of the textured c-Si solar cells and therefore do not
impair the electrical parameters like FF and Voc (see Table 3).

Table 3. Electrical performance of the textured silicon solar cells with and without micro-cones on top.
(Extracted data from the Supporting Information from ref. [78])

PCE (%) FF (%) EQE-Jsc (MAcm2)  Voc (mV)
Bare (0.5 cm?) 13.0 72 37.9 476
Planar coating 12.3 73 35.3 478
AR=0.31 12.2 72 35.6 476
AR =0.46 12.9 73 36.9 479
AR =0.56 12.7 72 36.9 477
AR =0.73 13.0 73 37.2 478
AR =0.96 12.9 73 37.0 479
AR=1.41 13.0 73 36.9 482
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For oblique angles of incidence, the relative enhancement increases for larger angles
as well as for higher aspect ratios. The planar reference shows strong Fresnel reflections
for large angle of incidence. The micro-cones demonstrate a similar stable angle behavior
as the bare solar cells, but with superior Jsc for all angles of incidence (see Figure 5.1d).

5.4.3 Optical analysis of microtextures for semitransparent perovskite/c-
Si tandem solar cells

The strongly reduced reflection of the examined microtextures — especially of the micro-
cones — leads to a significant improvement of the absorption and thus also of the Jsc and
PCE of the demonstrated c-Si solar cells. In the following, the use of these microtextures is
discussed for semitransparent perovskite/c-Si tandem solar cells. For this, cones and
inverted pyramids are chosen and analyzed by optical simulation and in experiment. Since
the microtextures reduce the reflection broadband, the absorption in the perovskite layer
— and moreover the transmittance into the bottom c-Si solar cell — could be enhanced
significantly. This improves the overall tandem PCE.

Optical simulations

First, the optical response of the cones and inverted pyramids is simulated on top of a
semitransparent perovskite solar cell. Therefore, the perovskite solar cell is defined by the
following stack: air / glass / ITO front (135 nm) / SnO2 (10 nm) / perovskite Eg = 1.55 eV
(550 nm) / spiro-OMeTAD (280 nm) / ITO cold (160 nm) / air. The refractive indices of all
the materials are summarized in Appendix A.

The optical simulations are performed with the optics module within the energy yield
(EY) framework. In this regard, the angular resolved reflectance R and transmittance T of
the textured interfaces for top and bottom illumination are used to define the effective
interface of the front glass cover (see section 4.4). Therefore, the optical simulations
combine the microtextures with the thin-film perovskite stack.

For cones and inverted pyramids (see Figure 5.10a and b), the reflectance of the
semitransparent perovskite solar cell decreases very broadband =10%abs. As already
illustrated in Figure 5.7d, the reflectance decreases similar for both textures with an AR of
0.5 and slightly stronger for the cones with an AR of 0.8. The reduced reflectance leads to
an increase in the absorption A in the perovskite layer by =10%abs for both AR and both
textures. However, the enhanced light incoupling is not directly translated to the amount
of transmitted light. The transmittance (weighted with the AM1.5g spectrum) into air for
an AR of 0.5 increases compared to the planar reference by 5%rel. For an AR of 0.8, the
transmittance even reduces again, compared to the planar reference (see Figure 5.10a and
b). Only for ARs below 0.7 the microtextures lead to an improvement in both, the
absorptance in the perovskite and an improvement in the transmittance (see Figure
5.11a).
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This discrepancy is explained by the decreased probability of light-outcoupling at the
ITO/air interface due to the larger propagation angles (compare Figure 5.5a) within the
perovskite layer stack. Since the textures redirect the light to larger angles within the glass,
the propagation angle inside each layer and especially in the ITO rear electrode is enlarged.
Due to the larger angles, the out-coupling probability decreases and a portion of the light
is reflected back towards the texture.

In the case of the c-Si solar cell, the texture provides by its retro-reflective properties
another chance for the light to be redirected towards the c-Si. However, for the thin-film
perovskite solar cell, the upwards traveling light leads to an increase in the perovskite
absorption for wavelengths below the band gap of the perovskite absorber, and much
more clearly to an increase of the overall parasitic absorption within the perovskite solar
cell (see Figure 5.11b).
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Figure 5.10. Reflectance R and transmittance T of the simulated semitransparent perovskite solar cell as well
as the absorptance A in the perovskite layer itself. (a) R, T,A for cones and (b) inverted pyramids with AR = 0.5
and 0.8 on top of the semitransparent perovskite solar cell. At the rear of the simulated device air is assumed.
(c) R,T,A for cones and (d) inverted pyramids with AR = 0.5 and 0.8 on top of the semitransparent perovskite
solar cell. At the rear of the simulated device air is assumed. At the rear of the simulated device glass is
assumed.
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Figure 5.11. (a) Relative change of the short-circuit current density Jsc of the perovskite absorber and the
transmitted light for the cones and inverted pyramids of different aspect ratios (AR) on top of the
semitransparent perovskite solar cell. (b) Relative change of the parasitic absorption Aparasitic as a function of
the AR for cones and inverted pyramids on top of the semitransparent perovskite solar cell.

In order to increase the transmittance into the bottom c-Si solar cell, the optical
coupling between two sub solar cells of the tandem has to be improved. The best match
will be achieved for a gradual change in the refractive index between the rear ITO of the
perovskite and the front conductive oxide of the c-Si solar cell. Experimentally this is
challenging and the most straightforward way would be to use existing encapsulation
materials (see e.g. Figure 4.6) like ethylene-vinyl acetate (EVA), which has a refractive
index close to glass (n=1.5). In this regard the probability to outcouple is enhanced
compared to air with n=1. The transmitted light into a glass-like layer (labeled with
‘into glass’ in the Figures) increases for both microtextures and for both AR (see Figure
5.10c and d). Here, an infinite glass layer instead of air is assumed at the rear of the ITO
back electrode.

In terms of relative improvement of the respective Jsc of the absorbed light in the
perovskite top solar cell and the portion of transmitted light, the AR of 0.5 performs best
for all textures and considerations (see Figure 5.11a). Here, the perovskite gains =8%rel in
Jsc (solid lines), the c-Si could gain =5%:. due to the enhanced transmittance (dashed lines).
Overall, the cones and inverted pyramids improve the absorptance compared to the planar
reference for all ARs. The transmittance demonstrates a maximum at AR = 0.5. For AR > 0.5
and in case of air as optical coupling layer (simulation performed “into air”), the
transmittance decreases strongly. However, due to the better match of the refractive
indices at the rear of the stack, the transmittance increases into the glass layer compared
to the air as optical coupling layer. Here again, all ARs lead to an enhanced transmittance
compared to the planar reference. Since more light is reaching the c-Si solar cell, this also
reduces the parasitic absorption of the top perovskite solar cell (see Figure 5.11b). The
strong parasitic absorption in the case of air at the rear of the ITO electrode, is mainly
located in the front and rear ITO.
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Overall, the inverted pyramids and cones demonstrate a solid improvement in the
absorptance of the perovskite layer and below an AR of 0.7 as well in the total
transmittance. In particular, at an AR = 0.5, the inverted pyramids show a comparatively
lower parasitic absorption and an adequately improved transmission.

Experimental verification

In order to experimentally examine the cones and inverted pyramids, both textures have
been fabricated and implemented on top of the front glass cover of the semitransparent
perovskite solar cell. In the following, the optical performance is discussed only for the
transmittance into air, since it is experimentally challenging to account for a glass-like
optical coupling layer at the rear. However, the final 4T tandem solar cells, are probed with
an intermediate coupling layer (see next section).

The conical textures are replicated into fluorinated ethylene propylene (FEP) by a hot
embossing process with a nickel mold (see ref. [149] for a detailed description), which is
similar to the thermal nanoimprint lithography (TNIL) process (see section 3.2.3). The
inverted pyramids are fabricated by replication of an alkaline etched c-Si wafer. This led to
a thin flexible textured polydimethylsiloxane (PDMS) layer, which could be easily attached
to the front glass of the semitransparent perovskite solar cell. The replicated etched c-Si
wafer resulted in random inverted pyramids with an AR of 0.7.

Although the two approaches are somewhat different, the concept of the proposed
working principle is examined. First, the replicated cones are tested on top of the
perovskite solar cell (see Figure 5.12a). A similar behavior is observed in the overall
reduction of the reflectance for both AR of 0.5 and 0.8. Moreover, the reduced reflectance
translates to a similar enhancement in the total absorptance of the semitransparent
perovskite solar cell of 7%abs. In this regard, R decreases more for the cones with AR = 0.8,
which matches with the simulated results (see above).
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Figure 5.12. Measured reflectance R and measured transmittance T of the fabricated semitransparent
perovskite solar cell as well as the total absorptance in the full device (A=1-R-T). (a) R, T, A for cones in FEP

with AR = 0.5 and 0.8 and (b) inverted random pyramids in PDMS with AR = 0.5 on top of the semitransparent
perovskite solar cell glass front side.
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In addition to the enhancement in the absorption, the cones increase the
transmittance as well. Both ARs (0.5 and 0.8) improve the transmittance of the planar
reference by 2%:el and 7%rel, respectively. It should be noted that the enhancement by the
cones of AR = 0.8 measured does not perfectly match the simulations. However, the cones
are replicated in FEP and attached with an index matching liquid (n=1.46, Thorlabs
G608N3) in between. The FEP has a slightly smaller refractive index (n = 1.34 @560 nm)
than the glass-like textures as it is assumed for the simulations and therefore can also
contribute by an additional anti-reflective effect (=2%), due to a smoother gradient in the
refractive indices. Moreover, due to the smaller refractive index, the enlargement of the
transmittance angle is deferred towards higher AR.

In addition, the replicated inverted random pyramids are tested on top of another
semitransparent perovskite solar cell. Due to the constant inclination angle of the c-Si
pyramids of 54.7°, the AR of the inverted pyramids is 0.7. Similar to the cones, the inverted
pyramids inside PDMS (n = 1.42, @560 nm) demonstrate a strong reduction on the overall
reflectance of =10%abs, Which is reflected in an equivalent enhancement of the
absorptance. Moreover, the transmittance of the texture applied to the front glass of the
device increases by =3%rel.

To conclude, the microtextures demonstrate an improvement in the overall
absorptance and transmittance of the semitransparent perovskite solar cells, and thus will
improve the tandem PCE. However, in contrast to the predictions for the planar and
textured c-Si solar cells, the evaluation of the total reflectance is not enough to
characterize the optimum texture or aspect ratio. Due to parasitic absorption of the other
layers within the thin-film perovskite solar cell, the transmittance decreases for large AR.
Therefore, in terms of PCE, the optimum AR for textures with a refractive index similar to
glass, is located at an AR of 0.5.

5.4.4 Inverted pyramids for enhanced light harvesting in perovskite / c-Si
tandem solar modules

Similar to the inverted random pyramids in PDMS with an aspect ratio (AR) of 0.7, inverted
pyramids with an AR of 0.5 were tested on top of a perovskite/c-Si mini module with 4 cm?
in size. The work derived from a collaboration with the group of Jef Poortmans (see
Jaysankar et al. [150]). The inverted square pyramids are imprinted in a polyethylene
terephthalate (PET) film and glued on the front glass cover of a completed semitransparent
perovskite top solar cell (see Figure 5.13a-c).

In the semitransparent top perovskite solar cell, a CsFAPbIBr perovskite absorber layer
is used. The bottom solar cell is an interdigitated back contact (IBC) c-Si solar cell. The c-Si
solar cell has a textured front surface consisting of random upright pyramids. In addition
to the front texturing, a SiO, passivation layer and a thin SiNy anti-reflection coating are

applied (for more details on the architecture see ref. [150]).
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The inverted pyramid texture mainly reduces the reflectance losses at the front
air/glass interface and increases the transmittance in the bottom solar cell in the range of
800 - 1200 nm (see Figure 5.13d). Whereas the short-circuit current density (Jsc) in the
perovskite top solar cell improves only minor by inverted pyramid textures from
20.0 mAcm2to 20.1 mAcm?, the improved transmittance leads to an absolute increase of
1 mAcm™2 in current of the bottom c-Si solar cell. Here, the Jsc increases from 14.1 mAcm™
to 15.1 mAcm™ for the textured foil applied on the front glass cover.

An improved matching of the refractive indices between the rear ITO and the textured
c-Si solar cell with an index matching liquid (refractive index n = 1.5), the Jsc increases by
~11% to 15.6 mAcm™. This underlies once again the importance of the optical coupling
layer with n =1.5 instead of air with n=1, as it was already discussed in the previous
section (see Figure 5.10 and Figure 5.11).
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Figure 5.13. Schematic of the perovskite/c-Si tandem solar cell in the (a) planar (=FLAT), (b) textured (=TEX),
and (c) textured configuration with additional index matching liquid (IML) between the top and bottom solar
cells (=TEX+IML). (d) Measured external quantum efficiency (EQE) of the semitransparent perovskite top
(brown) solar cell and the IBC c-Si bottom solar cell (blue) for the three configurations displayed in (a-c).
Adapted with permission of The Royal Society of Chemistry from ref. [150].

The enhancement in the Jsc boosts the PCE of the bottom cell from 7.8% to 8.6% and
therefore improves the overall 4T tandem efficiency from 23.1% to of 23.9% for an active
area of 4 cm? and 25.3% for 0.13 cm?. This equates an enhancement of 3%rel and 10%re
tandem efficiency, respectively. These improvements match very well with the predicted
improvements in the Jsc by the simulations and experiments in the previous section (see
Figure 5.11a). Here, the enhancement in the Jsc also increases for the encapsulation layer
with n = 1.5 instead of n = 1 as optical spacer layer. Besides, it should be noted that by the
time of this study, this has been the highest reported PCE for a perovskite/c-Si tandem
solar cell with aperture area larger than 0.5 cm?. Moreover, both, the planar 4T
perovskite/c-Si tandem as well as the textured tandem exceed the PCE of the stand-alone
c-Si solar cell (23.0%) used for this study.
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5.5 Biomimetic retro-reflection

Microtextures demonstrate excellent improvements in light harvesting by reducing the
front surface reflection and providing retro-reflective properties. So far, the microtextures
were analyzed by optical simulations. Moreover, enhancements in the short-circuit current
density (Jsc) of planar and textured c-Si as well as perovskite and perovskite/c-Si tandem
solar cells have been experimentally demonstrated (see section 5.4).

Up to now, microtextures have been fabricated artificially or by replication of the
alkaline-etched c-Si surface (see above). However, many species in nature exhibit
remarkable functionalities like ingenious surface functionalities. The research field of
biomimetics examines such biological species and processes of nature with view in
transferring elaborated concepts to beneficial technologies and applications for
engineering usage. The development of natures’ species usually has followed millions of
years of evolution with the necessity of the species to evolve thought natural selection.
Therefore, varieties of different surface properties have already evolved by nature’s
evolution, which conquer a multitude of different technological challenges. In this regard,
plant leaves, insects, reptiles and even marine life provides surface textures ranging from
a few tens of nanometers to hundreds of micrometers [151]. Especially, plant surfaces
demonstrate similar conical textures as the ones designed artificially (see above) with
aspect ratios of up to AR=1.2. The conical microtextures on the plants surfaces
demonstrate a strong interaction with sunlight [152]. Hereby, leaves ensure the survival
by providing energy, while the petals of the plants secure the reproduction by efficiently
attracting pollinators by high color saturation [153,154].

Schulte et al. [151] studied the transfer of different plant textures and proposed new
optical properties of plant surfaces. As a general guideline, Hiinig et al. [155] identified the
aspect ratio (AR) of various plants as key parameter for good light harvesting properties.
In this regard, the AR of the conical surface elements correlate with reduced reflection
losses at the air/texture interface. This observation matches very well with the simulated
and measured artificial microtextures (see section 5.4).

The investigated petals of different plants demonstrate significantly different
reflection properties. A selection is provided in Figure 5.14, the reflectance of different
plant textures replicated on top of an (almost) perfectly absorber foil (d-c-fix, Konrad
Hornschuch AG, D-74679, Weissbach) are shown in (a) for all angles of incidence at a
wavelengths of 560 nm and in (b) spectrally resolved at an angle of incidence of 60°. In
Figure 5.14c, the corresponding scanning electron microcopy (SEM) images display the
micron-sized scale of the textures. The low AR Papaver rhoeas (red poppy) reduces
reflectance only for large angle of incidence, compared to a planar air/glass interface. Plant
textures with a higher aspect ratio (AR =0.6) demonstrate a smaller front surface
reflectance (e.g. Red naomi, Rosa ‘El Toro’). Since, the replicated plant textures are in the
micron-scale, the effect on the reduced reflection is broadband.
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Figure 5.14. (a) Reflectance of different plant textures at 560 nm for different angles of incident. The textures
are replicated on top of an almost perfectly absorbing foil. (b) Reflectance of same plant textures at an angle
of incidence of 60° spectrally resolved. (c) The scanning electron microscopy images of the replicated plant
textures give visualize the increased aspect ratio. For higher aspect ratio of the microtextures, the reflectance
reduces broadband and omnidirectional. It can be seen, that the texture of the viola (viola x wittrockiana)
shows by far the lowest reflectance. Adapted reprinted with permission from ACS Photonics 2017, [145]. ©
American Chemical Society.

It was found, that for all angles of incidence, the texture of the viola x wittrockiana
petal outperforms all other plant textures. The aspect ratio of the viola petal is =1.2. For
an angle of incidence of 75°, the reflectance is only =4%. This even is slightly less than the
reflectance at normal incidence (=4.8%) of the planar reference for normal incidence and
around 84% less for the same angle of incidence. Compared to the simulated cones with
perfect and smooth shape, the replicated viola texture with cones of AR = 1.2, performs
equally well for large angle of incidence, but still shows a measurable reflectance for near-
normal incidence (see Figure 5.2). This may result from the small remaining reflectance
from the absorber foil (R=1%) and due to the measurement error of the
spectrophotometer.
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Compared to the perfect periodic optical simulations (see Figure 5.1), the viola texture
as well as the other replicated textures exhibit a certain amount of disorder of their
(mostly) conical texture elements. The disorder mainly broadens the propagation angle
range for every angle of incidence. But, according to Fritz et al. the light harvesting
performance of conical textures are almost unaffected by the perturbations size, tilt and
position [147]. The strongest influence is the found in the distribution of aspect ratios,
whereas the mean aspect ratio is decisive for the optical performance.

Based on these promises, the viola petal texture is studied as light harvesting texture
for photovoltaic. Therefore, the texture is replicated on top of a planar c-Si solar cell (see
Figure 5.15). The improved light harvesting properties by enhanced light incoupling and
retro-reflection are analyzed in the following. Moreover, the contribution of the nano-
scale wrinkles is investigated (see Figure 5.15c).

The replication of the viola petal is done by casting a PDMS mold out of the fresh viola
petal. With the cured PDMS mold, a UV-curable resist (NOA88, from Norland Products Inc.)
is used to replicate the viola texture directly on top of the planar c-Si solar cell. The process
if replication is analog to section 5.4 and more details can be found in section 3.2.2.

Compared to the planar reference, the PCE of the c-Si solar cell is enhanced by =6%re|
for the device equipped with the viola texture on top (see Figure 5.16a). As planar
reference, a planar encapsulation of the c-Si solar cell with the same resist material is used.
This configuration mimics best the relevant architecture in a solar module. Even though
the pristine planar c-Si solar cell had a thin film ARC (70 nm ITO layer) optimized for light
incident from air, the viola textured c-Si cell, improves the PCE by 3%r.. It should be noted
that in comparison to the artificial cones (see above), the improvement is slightly smaller.

Figure 5.15. (a) Photograph of the viola petal (species: Viola x wittrockiana). A scanning electron microscopy

(SEM) image of the replicated viola surface from the top (b) and side (c) illustrates the micro-cone
arrangement as well as the nano-wrinkles (shown with green lines) decorating the micro-cones (bounded by
orange lines). A schematic illustration (d) displays the planar heterojunction silicon solar cell with applied
viola texture. Reprinted with permission from ACS Photonics 2017, [145]. © American Chemical Society.
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Figure 5.16. (a) Current density-voltage characteristic of the planar c-Si solar cells. Compared to the planar
reference layer, the viola texture applied on top of the c-Si solar cell shows an enhanced current density. (b)
Corresponding external quantum efficiency EQE (solid lines) and reflectance (dashed lines) of the solar cells.
The inset illustrates the replicated viola surface texture on top of the device. Reprinted with permission from
ACS Photonics 2017, [145]. © American Chemical Society.

This shortcoming can be contributed to multiple possibilities: (1) the overall thickness
of the NOAB88 layer was thicker and therefore parasitic absorption could be increased; (2)
due to the disorder and natural defects on top of the replicated texture, there is a offset
to the artificial defect free surface; and (3) the broadening of the transmittance angular
space due to disorder as well as the nano-wrinkles (see below) may lead to a reduced retro-
reflective light trapping.

However, this first demonstration clearly shows the great potential of biological
textures. Similar to the artificial cones, the viola micro-texture does not affect the electrical
parameters of the solar cell and only improve the light harvesting of the silicon solar cell.
Therefore, the FF and Voc are hardly affected by the viola-texture (see Table 4).

Table 4. Electrical parameter of a pristine planar c-Si solar cell as well as the planar silicon solar cell equipped
with a planar resist layer of NOA88 and the viola texture within the same material.

‘ PCE (%) FF (%) EQE-Jsc (MAcm?)  Voc (mV)
Pristine 150 76 32.8 600
Planar \ 14.6 76 31.6 610
Viola texture 155 76 33.8 605

As shown in Figure 5.16b, the improvement of the Jsc by the viola texture compared to
the planar and pristine device is based on a broadband reduction of reflection. The
reduced reflection directly translates to a broadband increase of the external quantum
efficiency of the c-Si solar cell. Although, the EQE is reduced for wavelengths =600 nm due
to the suppression of the ARC coating on the pristine device, the overall enhancement of
the viola texture is clearly visible.
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The cones, found on the viola petal and therefore on the replicated viola surface
texture, feature disorder in their aspect ratio. For a single aspect ratio, the texture
produces a discrete intensity distribution of the transmitted light (compare Figure 5.3). To
account for a broad range of different cones, a moving average over cones with aspect
ratios between 0.9 and 1.5 is performed. By a moving average calculation, the multitude
of aspect ratios is considered and a more realistic model is obtained. Due to the
distribution in the aspect ratio of the cones, the angular resolved transmittance and
reflectance broadens (see Figure 5.17¢).

The disorder of the viola micro-texture redistributes the light to a broad maximum at
a transmittance angle of =30°. For light being reflected and not absorbed in the first pass,
light will travel with the same angular distribution towards the texture/air interface (Figure
5.17f). For the viola texture, around 60% of the light will be retro-reflected back towards
the solar cell and gets a second chance to be absorbed. This is in good agreement with the
result for single aspect ratio cones reported above (see Figure 5.6).

A key difference between the smooth artificially processed cones and the cones on the
viola petal are additional surface wrinkles. The dimensions of the wrinkles reside in the
order of the visible wavelength regime (=500 nm). Therefore, the optical working principle
of the wrinkles are simulated by the finite-difference time-domain (FDTD) method,
accounting for the wave-optical effects involved. The nano-wrinkles were simulated with
the FDTD method for several wavelengths, planes and angles of incidences.
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Figure 5.17. Moving average of ray tracing simulation on micro-cones of aspect ratios between 0.9 and 1.5,
which is similar to the distribution found on the viola petals. For normal incidence, the (a) normalized angular
distribution of the transmitted light broadens. (b) Light being reflected at the planar silicon solar cell
efficiently will be retro-reflected for large scatter angles towards the solar cell. Adapted reprinted with
permission from ACS Photonics 2017, [145]. © American Chemical Society.
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Figure 5.18. Reflectance of the nano-wrinkles found on the viola texture. (a) The scanning electron
microscopy (SEM) image of the viola surface texture illustrates the angle of incidence 8in, which is defined to
the surface normal of the wrinkles lying on the cones. (b) The zoomed in SEM image indicates the dimensions
of the wrinkles. (c) Finite difference time domain (FDTD) simulations of the integrated reflectance for the
nano-wrinkles compared to a planar reference layer. Adapted reprinted with permission from ACS Photonics
2017, [145]. © American Chemical Society.

By averaging the planes of incidence for each angle of incidence, the unpolarized
illumination is obtained. In Figure 5.18, the reflectance is averaged over the relevant
wavelength range of 300 — 1100 nm. It can be seen, that compared to a planar layer of
same refractive index, the nano-wrinkles reflect much less of the incident light. While
Bin = 0° corresponds to the dashed line in Figure 5.18a, normal incidence on the viola
texture is visualized by the greyed area in Figure 5.18c. Therefore, the omnidirectional
decrease of reflection by the nano-wrinkles on top of the micro-cones act as an additional
anti-reflection coating. Altogether, both, the anti-reflection effect of the nano-wrinkles
and the enhanced light incoupling as well as retro-reflection effect of the micro cones can
well explain the measured improvement in PCE of the silicon solar cell.

5.6 Energy yield of microtextured perovskite/c-Si tandem solar
cells

In the preceding sections, the optical performance of different microtextures has been
presented. Moreover, the microtextures are tested on top of c-Si single-junction solar cells
and perovskite/c-Si tandem solar cells. Since the microtextures demonstrate an excellent
broadband reduction of the reflectance for normal and particularly for oblique incidence,
assessing the energy yield (EY) is important to probe the microtextures under realistic
irradiation conditions. Therefore, in the following, the enhanced light incoupling and light-
harvesting is analyzed for the perovskite c-Si tandem solar cells.

The EY for inverted pyramids with different ARs is determined in different locations
(see Figure 5.19 and Figure 5.20). In this regard, the annual EY is summarized for four
locations with different climatic conditions: temperate (Portland, Oregon), tropical
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(Miami, Florida), boreal (Chicago, lllinois), and arid (Phoenix, Arizona). For this, the same
4T monofacial tandem architecture as introduced in section 4.7 is chosen. For Figure 5.19,
air is used as an optical spacer layer, for Figure 5.20 the top perovskite and bottom c-Si
solar cells are connected with an optical coupling layer (e.g. encapsulation layer) with a
glass-like refractive index.

The annual EY between the different locations follows the trend reported in section
4.7. In case of air as an optical spacer, the inverted pyramids on top of the perovskite/c-Si
tandem solar cell only slightly enhance the overall annual EY for large AR. Moreover, at
AR = 0.5, the annual EY almost decreases compared to the planar reference. This is due to
the strong decrease of the EY of the c-Si bottom solar cell (illustrated by the black line in
the bar plots). For all AR, the EY of the bottom c-Si solar cell does not recover to the value
of the planar reference. Nevertheless, the EY of the top perovskite solar cell increases for
all AR by up to 4%l irrespective of the location. A totally different result is observed for
the tandem solar cell with an optical spacer with glass-like refractive index (see Figure
5.20). Here, all ARs lead to an enhanced annual EY of up to 7%rel.

Surprisingly, both results in the EY are in contrast to the enhancement in the PCE of
this 4T tandem configuration (see Figure D.1 in Appendix D). Here the tandem PCE
increases strongest for an AR of 0.5 by 5.4% and 5.9% for the air and glass-like
encapsulation, respectively. This improvement is maintained for the glass-like
encapsulations, but breaks down in case of air between the two sub cells.

Compared to the tandem configuration with air as intermediate optical coupling layer,
the glass-like layer mainly improves the transmittance of the light into the c-Si bottom
solar cell. This distinct difference between air and glass as optical spacer is displayed for
Miami in Figure 5.21. For the two sub-cells optical coupled with a glass-like layer, the
overall EY increases due to an increase in the absorptance of the perovskite and c-Si solar
cell. For an increase in the AR, the light incoupling increases and directly translates to the
power generation in both sub-cells.

In case of air between the two sub-cells, the inverted pyramids on the perovskite solar
cell increase the overall EY for all AR as well. However, the improvement is lower, due to
the unfavorable impact on the c-Si solar cell, which mainly stems from a decrease in the
transmittance (see Figure 5.22). Although the perovskite top cell demonstrates a
significant improvement in the EY for all AR, the c-Si bottom solar cell shows always a lower
EY. In case of inverted pyramids this suppresses any improvement for AR < 0.5. It should
be noted, that this trend is also true also for micro cones (see Appendix D, Figure D.2).
However, the absolute gain in the EY and specific shape (dependency on the AR) differs
slightly.
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Figure 5.19. Annual energy yield (EY) for four different locations in the USA with different climatic conditions.
The annual EY is displayed for the planar reference (aspect ratios AR=0), and for inverted pyramids on top of
the front glass of the perovskite solar cell with differetn AR. The numbers on each bar indicates the AR of the
inverted pyramids. Air is used as optical spacer in the 4T tandem architecture simulations.
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Figure 5.20. Annual energy yield (EY) for four different locations in the USA with different climatic conditions.
The annual EY is displayed for the planar reference (aspect ratios AR=0), and for inverted pyramids on top of
the front glass of the perovskite solar cell with differetn AR. The numbers on each bar indicates the AR of the
inverted pyramids. Glass is used as optical spacer in the 4T tandem architecture simulations.

As it was already shown for normal incidence in section 5.4.3, the transmittance
reduces in case of air as optical coupling layer compared to glass (see Figure 5.22a and c).
Exactly this effect amplifies for oblique angles of incidence (see Figure 5.22d). For an angle
of incidence of 40°, the transmittance strongly decreases for the two textured tandem
solar cells and lead to a reduction in the absorption of the c-Si bottom solar cell. Whereas
the tandem solar cell with a glass as optical coupling layer is not affected by the larger
angle of incidence, the tandem solar cell with air as coupling layer severely loses in the EY

due to a reduced power generation in the bottom c-Si solar cell.
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Figure 5.21. Change in the annual energy yield (EY) for microtextures different aspect ratios (AR). The change
in the EY is displayed for the top perovskite, bottom c-Si and the sum of both. The inverted pyramids on top
of the perovskite solar cell with an intermediade (a) a glass layer and (b) air gap.
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Figure 5.22. Absorptance and reflectance of the perovskite top and c-Si bottom solar cell in the 4T tandem
architecture. The absorptance and reflectance is shown for the planar reference and invered pyramids with
AR =0.5 and AR =0.8 for (a) normal incidence and (b) for an angle of incidence (AOI) of 40° with glass as
intermediate layer. In (c) and (d), the absorptance and reflectance is shown air as intermediate layer.
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5.7 Summary

The microtextures demonstrate a superior reduction of reflection losses at the front planar
air/glass interface, leading to excellent light incoupling and moreover superior light
harvesting properties. Eliminating the front air/glass reflection, enables an absolute
improvement in the current generation of around 4% for normal incidence and much
higher for oblique incidence angles, which is of great importance to almost any
photovoltaic technology.

Different microtextures with a broad range of aspect ratios are tested, whereas the
textures are directly taken and replicated from nature (viola flower) or artificially designed
and replicated. All microtextures analyzed demonstrate excellent omnidirectional and
broadband light incoupling properties, reducing reflection losses to almost zero for normal
incidence and about =80%:. for oblique angles of 80°. This is utilized to enhance the
current generation and thus the power conversion efficiency of planar and textured
crystalline silicon as well as perovskite/silicon tandem solar cells. In this regard, planar and
textured single-junction crystalline silicon solar cells demonstrate a relative increase in
their power conversion efficiencies of =12% and =5% compared to the planar
(encapsulated) reference, respectively. This is, in particular, due to efficient recapturing of
light reflected at the solar cell by retro-reflection, which is predominantly important for
the longer wavelengths. The retro-reflection ability of the microtextures scale with the
reflection properties of the solar cells and therefore plays a more significant role for planar
architectures as on the textured crystalline silicon solar cells.

The excellent improvements in the single-junction silicon solar cells paves the way for
multi-junction perovskite/silicon solar cells. Here, implementation of inverted micro-
pyramids led to strong reduced reflectance of =10%abs, Wwhich boosts the four-terminal
tandem power conversion efficiency up to 25.3%. Moreover, the improved light-incoupling
and harvesting is demonstrated on a 4 cm? perovskite/c-Si tandem solar module, where
the 4T PCE enhances from 23.1% to 23.9%, which was at the time of this result the highest
reported value for an aperture area larger than 0.5 cm?.

Furthermore, detailed energy yield calculations reveal the importance of an optical
coupling layer in between the top perovskite and bottom silicon solar cell of the four-
terminal architecture. This is due to the fact that the perovskite solar cell equipped with
the microtextures are sensitive to the varying angle of incidence in realistic irradiation
conditions. The enlarged propagation angles inside the thin-film stack due to the
microtextures reduce the outcoupling in case of a strong step in the refractive index at the
rear (e.g. ITO/air). For an intermediate optical coupling layer, however, the energy yield
increases for all microtextures and all aspect ratios embedded in the front glass cover and
remain angle stable. It follows that the overall improvement in the annual energy yield is
primarily influenced by the aspect ratio of the texture and reaches around 6%re
irrespective of the considered locations.
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Thus, the microtextures demonstrates significant improvements and moreover
predicts excellent performance under realistic operation conditions. The concept
demonstrates superior angular stability for the entire spectral range for single junction and
tandem solar cells.

The presented prototypes still consist out of glass-like polymers, enabling ease of
transfer to the tested architectures. However, the implementation of the proposed optical
concepts into conventional photovoltaic modules, while simultaneously maintaining high
durability represent a severe technological challenge. Nevertheless, first work on the
implementation into the front glass cover sheet already shows the aptitude beyond the
laboratory scale [30]. This so-called liquid glass approach uses silica powder in a
monomeric mixture, which enables the texturing before the sintering process. After the
sintering process (at 1300°C), the properties of the glass are very close to conventional
fused silica. However, the liquid glass must still prove to be equally stable, robust and
durable as the planar state-of-the-art encapsulation. Moreover, as it is still in an early stage
of development, upscaling still needs to be further developed.

Another possibility might be the transfer of the microtextures into a foil, which then
can be applied on already existing photovoltaic modules or laminated during the
fabrication process. First studies already outline the potential to upscale even the
presented plant surface textures [156]. Moreover, since especially the replicated plant
textures feature self-cleaning properties [149], such foils would promise additional
benefits. In addition to that, microtextured solar modules might find an ideal application
in building integrated photovoltaics as well, where typically the largest share of irradiation
comes from diffuse sun light from the sky or other buildings [95].

In summary, the proposed concepts are of great relevance for future photovoltaic
modules, where a broadband antireflection coating with a superior angle tolerance is
needed and it is important to minimize the first air/glass reflection, and potentially self-
cleaning effects as a bonus. However, all the potential improvement and advantages needs
to be set in proportion to the additional costs and effort due to the additional texturing.
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in perovskite/c-Si tandem solar cells

In this chapter, nanophotonic front electrodes are designed and developed to advance the
light incoupling into the top perovskite solar cell and thus, to enhance the transmission
into the bottom silicon solar cell in a four-terminal tandem configuration. This is achieved
by effectively reducing the reflection losses at the front transparent electrode of the
perovskite solar cell.
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6.1 Introduction

In addition to improved light incoupling into the entire device by improving the air/glass
interface through microstructures on the front glass cover (see section 5), the reflection
loss at the glass and front transparent ITO electrode is examined. The reflectance loss at
the front glass/ITO interface occurs — similar to the reflectance at the air/glass interface —
due to the discontinuity of the refractive index between the two materials. Reducing this
reflection loss promises to enhance the absorption in the perovskite absorber. Moreover,
in terms of a 4T tandem application, the transmittance of low-energy photons passing
through the top semitransparent perovskite solar cell could be enhanced as well. Both will
increase the current generation, and thus the overall power conversion efficiency. To
exploit both effects, a broadband anti-reflection interface must be designed within the
solar cell layer-stack.

There are two main light management concepts to cope with this: (1) introducing a
thin anti-reflection layer with refractive index in between the glass and ITO (e.g. SiOo.4Nos,
as suggested by ref. [26]); and (2) texturing the glass/ITO interface. With a thin additional
antireflective coating, a broadband reduction of reflection loss is a challenge, since the
refractive index and its dispersion must match the surrounding materials. However, with
a nanotextured interface a smooth gradient of the two surrounding refractive indices is
possible [27,159]. Therefore, the implementation of a nanotexture at the glass/ITO
interface promises to achieve a broadband anti-reflection effect. Moreover, sufficiently
high structures — compared to the thickness of the electrode and charge transport layers
— will affect not only the glass/ITO interface, but all layers up to the perovskite
(glass/ITO/ETL/perovskite), which account for reflection losses in the order of 5-20%
[160].

With regard to nanotextures for perovskite PV, pre-texturing of the planar glass
substrate by photo nanoimprint lithography of a transparent resist layer [161] has been
demonstrated, recently. Moreover, first implementation in opaque perovskite solar cells
have been reported [162]. Besides periodic arrays of two-dimensional ITO textures,
disordered ITO nanorod films [163] and periodic ITO sub-wavelength gratings for Si-based
thin-film solar cells have been studied in literature [164]. In addition, nanotextured ITO
layers are studied for the purpose of improved light outcoupling in organic light emitting
diodes [165].

In this chapter, periodic and disordered nano-holes and nano-pillars are studied to
minimize the reflection loss at the glass/ITO interface in perovskite-based tandem PV. First,
the potential improvement for the 2T and 4T perovskite/c-Si solar architecture is
investigated using FEM-based wave-optical simulation. Compared to the planar reference,
an enhancement in the power output of =3 - 4% is found for the optimized geometry of
the nanotextures. Moreover, compared to an optimized planar anti-reflection coating, the
nanotextures further improve the total gain due to the better broadband match with the
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geometric mean of the two surrounding refractive indices. The optimum period of the
nanotextures is between 200 - 300 nm. For larger periods the incident light is subject to
strong coupling to guided modes in the ITO layer (see e.g. Khan et al. [161] or Appendix
C.2), which leads to strong parasitic absorption in the longer wavelengths.

Next, experimental realization in perovskite/c-Si tandem solar cells are demonstrated
which show =2%e enhanced 4T PCE. The nanotextured ITO electrodes are processed via a
facile polymer blend lithography, which generates self-assembled patterned monolayers
on a glass substrate. The obtained disordered nanopillars show similar geometrical
properties as the optimized simulated periodic nanotextures. The nanotextured ITO
electrode in the 4T tandem prototype significantly enhances the transmittance into the
bottom c-Si solar cell, which improves the Jsc by 22%e. Moreover, the enhancement even
increases for oblique angles of incidence.

Finally, energy yield simulations are performed to evaluate the nanophotonic ITO
electrodes under realistic operation conditions. Due to the great angular stability of the
nanotextured ITO electrode in the 4T tandem solar cell compared to the planar reference,
the annual energy yield increases by =10%rel.

6.2 Optimization of nanophotonic ITO electrodes using optical
simulations

In order to enhance the PCE of perovskite/c-Si tandem solar cells, nanophotonic ITO
electrodes are introduced. This is intended to increase both the share of absorbed light in
the top perovskite solar cell and the amount of transmitted light below the band gap of
the perovskite absorber in semitransparent perovskite solar cells. For this study, a
semitransparent perovskite layer stack as illustrated in Figure 6.1 is used. For the optical
simulation, the refractive index of the wide-band gap perovskite Csp.17FA0.83Pb(Bro.17l0.83)3
with Eg = 1.62 eV is chosen, since this composition has shown promising optical, thermal,
and environmental stability [166]. The refractive indices of the perovskite and the other
materials are summarized in Appendix A.

To quantify the potential improvement, the optical performance of the nanotextured
ITO front electrode is computed in a 4T and 2T perovskite/c-Si tandem architecture (see
Figure 6.1). For the planar reference in the 4T architecture, a 600 nm thick perovskite
absorber is used. Increased thicknesses lead to optical improvements in the calculated Jsc,
but might experimentally be challenging [88,167,168]. Therefore, the thickness is chosen
so that it remains within the experimentally feasible range. The bottom c-Si solar cell is
optically connected with an air gap to the perovskite top cell in the 4T architecture. To
calculate the power output of the silicon solar cell, the transmitted light is folded with the
EQE of a record c-Si single-junction solar cell (certified short-circuit current density of
43.3 mAcm~2 with contact fingers) [169].
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4 terminal (4T) 2 terminal (2T)

Figure 6.1. Schematic of the simulated layer stack in the 4T and 2T architecture. The layer thicknesses are

Glass Glass

ITO front (150 nm)
Sn0O; (20 nm)
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Sn0O; (20 nm)

Perovskite (470 nm)

SpiroOMeTAD (20 nm)
ITO rear (10 nm)
a-Si (30 nm)

Perovskite (600 nm)

SpiroOMeTAD (150 nm)

ITO rear (150 nm)
c-Si

c-Si

fixed for the optimum tandem power in both architectures. In the 4T stack, the heighest power is obtained
for the maximum (allowed) perovskite thickness of 600 nm. In the 2T architecture, a 470 nm thick perovskite
layer leads to the highest power for the planar reference.

In the 2T architecture, the concept is probed in a planar c-Si solar cell. The planar
reference demonstrates the highest Jsc for a 470 nm thick perovskite layer. The thickness
of the HTL is reduced to 20 nm and the rear ITO is acting as a 10 nm thin recombination
junction between the perovskite top and the c-Si bottom solar cell (see Figure 6.1).

For the analysis of the nanophotonic ITO front electrode, two nanophotonic designs
with different structural arrangements (ordered and disordered) are considered.
Nanoholes and nanopillars on top of the glass superstrate. The pillars and the inverse parts
of the pillars are assumed as glass in the simulation. The two designs for the ordered
nanophotonic textures are displayed in Figure 6.2. The layers are conformably added to
the corrugated glass surface.

Hole Pillar
p P
Glass
ITO front
Sno,
Perovskite

SpiroOMeTAD

Figure 6.2. Schematic of the nanophotonic ITO electrodes in case of a hole and pillar indendation inside of
the glass superstrate. The ITO, SnO2 and perovskite are conformally added on top of the corrugated glass
surface. The interface between the perovskite and spiro-OMeTAD is assumed to be planar due to the
comparably large thickness of the perovskite layer.
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The interface between the perovskite and spiro-OMeTAD layer is considered to be
planarized due to the significantly larger thickness of the perovskite layer. The holes
(pillars) are defined by the period p of the unit cell, the radius r and the depth (height) h
of the holes (pillars). The ratio between the area of the pillar (rr?) and the area of the unit
cell (p?) is defined as the geometric fill factor (geo. FF). The geo. FF, p and h are used in the
following to optimize and describe the geometry of the nano-holes and nano-pillars.

6.2.1 Ordered nanophotonic ITO electrode in the 4T architecture

To evaluate the performance of the “holes” and “pillars” configuration in comparison to
the “planar” reference for the 4T and 2T tandem architecture, FEM-based wave-optical
simulations are carried out with the commercially available software JCMsuite by
JCMwave GmbH (see details in section 3.1.2).

Based on the three-dimensional electromagnetic simulations of one unit-cell of the entire
perovskite solar cells, the enhancement in the Jsc is calculated through the absorption
enhancements in the perovskite layer. The absorption increases due to the reduced
reflectance at the glass/ITO/SnO/perovskite interface. To derive the optimum geometry
of the nanotextures for the 4T perovskite/c-Si tandem solar cell, the total power in the 4T
tandem solar cell is estimated with the calculated Jsc of the perovskite and silicon solar
cell:

Pyr = FFPero.yiero. jJoere + FrSt- VSt - Jsc. 6.1.

For the electrical parameters, both (electrical) FF are assumed to be 80% and the Voc are
setto 1.19 V and 0.72 V for the perovskite and c-Si solar cell, respectively, which matches
well with current record devices of similar band gaps [14,169,170].

Nanophotonic holes

Starting from a period of p =300 nm, a hole depth h =120 nm, the geo. FF is varied
between 0 and 60% for the nanophotonic holes configuration. In Figure 6.3a, the Jsc and
the (estimated) power of 4T tandem solar cell is plotted in relation to the geo. FF.
Compared to the planar reference (geo. FF = 0%), the enhancement in Jsc and total power
is highest at a geo. FF of around 40 - 50%.

Both, the Jsc in the perovskite top and the Jsc in the bottom c-Si bottom solar cell
increases with the nanotexture. Further optimization of the geometry lead to a maximum
in the power of the 4T tandem solar cell at p =220 nm, geo. FF = 60%, and h = 80 nm (see
Figure 6.3f). Here, the Jsc of the perovskite top solar cell increases by 4% from
19.8 mAcm™ to 20.7 mAcm™2. The Jsc of the c-Si bottom solar cell increases by 2% to
16.0 mAcm2. The total power is enhanced by 4%e from 27.9 mWcm™ to 28.9 mWcm™2.
Compared to the planar reference, mainly the reflectance of the perovskite solar cell

decreases up to a wavelength of 800 nm (see Figure 6.4).
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Figure 6.3. Optimization of the geoemtry of the nanophotonic ITO front electrode in the 4T perovskite/c-Si
tandem architecture. (a) First, the geometric fill factor (geo. FF) is sweeped for the initial guess (period
P =300 nm, hole depth h = 120 nm). (b-c) Secondly, the period and hole depth is optimized for the optimum
geo. FF found in (a). (d-f) The second round of optimization reveals a broad and robust optimum.
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Figure 6.4. Reflectance R, transmittance T, and absorptance A of the individual layers of the (a) planar
reference and (b) of the nanophotonic ITO device. The R and T is given for the complete stack into air. The
optimum geometry (p = 220 nm, geo. FF = 60%, h = 80 nm) of the hole is used for the nanotextured ITO front
electrode. The numbers give the short-circuit current densities (Jsc) of the perovskite top solar cell and the
Jsc of the c-Si solar cell, which is estimated via the EQE of a record c-Si solar cell (see text for details) and the

transmittance (shown in this Figure).
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At longer wavelengths (> 800 nm) the enhancement is due to a spectral shift in the
transmittance spectrum. In the short wavelengths’ regime (< 500 nm) parasitic absorption
is increased slightly in the front ITO and SnO; due to the nanotextures. However, the
broadband reduction of reflectance is much stronger and results in an overall prominent
enhancement of the Jsc in the perovskite and c-Si.

Nanophotonic pillars

Besides the nanophotonic holes in the ITO layer, nanophotonic pillars were examined as
well. The ideal geometry of the pillars corresponds approximately to the inverse of the
holes. The optimum period is again small and the total power maximizes for a period
of 200 nm. The optimum geo. FF is 35% and the pillar height is identical with the hole depth
(h =80 nm). This, almost inverse relation, is discussed in more detail in the next section.

The absorptance, the transmittance and the reflectance of the nanophotonic ITO
electrodes of the hole and pillar configuration (see Figure 6.5a) behave comparable. Only
minor spectral offsets and differences can be observed. Therefore, the Jsc of the two
designs lead to comparable values in the perovskite and c-Si absorber, respectively.
Compared to the planar reference, the improvement is very similar (see Figure 6.5b) and
leads to a total power of 28.8 mWcm2, which is only 0.1 mWcm™2 lower than the estimated
power of the hole textures.

For the perovskite solar cell with the nanophotonic ITO, the reflectance is strongly
reduced in between 300 nm and 850 nm. The remaining reflection loss is due to the
air/glass interface. The transmittance is similar, spectrally shifted, which leads to a small
increase in the Jsc of the c-Si solar cell from 15.7 mAcm to 16.1 mAcm™2 (pillars) and
16.0 mAcm (holes).
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- Jgc Silicon
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Figure 6.5. (a) Reflectance R, transmittance T, and absorptance A of the perovskite layer for the planar
reference, the nanophotonic ITO electrode with the hole, and pillar design. (b) The corresponding short-
circuit current densities (Jsc) of the perovskite and c-Si solar cell as well as the estimated power of the 4T
tandem. For the nanophotonic ITO electrode, the optimum of the hole and pillar design is used. Optimum
for the holes: p =220 nm, geo. FF =60%, h =80 nm; optimum for the pillars: p =200 nm, geo. FF =35%,
h=80nm.
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6.2.2 Ordered nanophotonic ITO electrodes in the 2T architecture

Besides the 4T architecture, also the 2T perovskite/c-Si tandem architecture has been
considered for the implementation of the nanophotonic ITO front electrodes. In contrast
to a 4T, a 2T tandem solar cell is electrically connected in series and therefore current
matching of the perovskite and c-Si solar cell has to be considered. Furthermore, the two
solar cells are directly connected to each other and do not require an optical spacer layer
like the 4T concept. The optical simulations in the 2T tandem solar cell are performed up
to a thin non-absorbing planar c-Si layer to estimate the optical response for the top layers
of the perovskite solar cell. The absorption in the c-Si is further calculated with the Beer—
Lambert law assuming a light trapping factor of 25 (see section 2.3) and a c-Si thickness of
300 um. The optimum geometry for the hole-textured nanophotonic ITO electrode is
derived analogous to the 4T case (see above).

For the optimized nanophotonic ITO (here shown for “holes”) electrode, the Jsc
increases by 0.5 mAcm=2t019.7 mAcm?compared to the planar reference (see Figure 6.6).
The optimum geometry of the nanophotonic ITO electrode is found at p = 300 nm, geo.
FF = 50%, h = 100 nm, which is close to the optimum of the 4T tandem solar cell. Compared
to the planar reference, the power of the 2T tandem with the nanophotonic ITO is
enhanced by =3%r from 29.3 mWcm? to 30.1 mWcm™. For comparison: the
improvement in the 4T tandem solar cell was =4%rel. The power in the 2T tandem is derived
with the same electrical parameters as in the 4T case assuming current matching:

Pyr = 0.8+ (VIS + VL) - min(J5c°, J5& 6.2.
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Figure 6.6. Reflectance R, transmittance T, and absorptance A of the individual layers of the (a) planar
reference and (b) of the nanophotonic ITO device. The R and T is given for the complete stack into air. The
optimum geometry (p = 300 nm, geo. FF =50%, h = 100 nm) of the hole is used for the nanotextured ITO
front electrode. The numbers give the short-circuit current densities (Jsc) of the perovskite top solar cell and
the Jsc of the c-Si solar cell, which is estimated via the Beer—Lambert law assuming a light trapping factor of
25 and the transmittance into the c-Si layer (shown in this Figure).
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The geometry of the hole in the nanophotonic 2T tandem is optimized with respect to
current matching in both the top perovskite and the bottom c-Si solar cell. Therefore, both,
the absorption of the perovskite top and the absorption of the c-Si bottom solar cell is
enhanced (see Figure 6.6). The optimized planar reference has a perovskite thickness of
435 nm, whereas the nanophotonic perovskite solar cell show current matching at 420 nm.

Although the 2T perovskite/c-Si tandem solar cell with nanophotonic ITO electrodes
shows a gain in total power of =3%, a textured perovskite/c-Si interface would have
greater potential [86]. Therefore, further simulations need to proof the potential of the
nanotextured ITO electrodes for double-sided textured perovskite/c-Si tandem solar cells
as well. However, it should be noted that for those, the implementation of the
nanotextured electrode will be even more complex as in a planar perovskite/c-Si tandem.

6.2.3 Disordered nanophotonic ITO electrodes in the 4T architecture

For experimental reasons (see section 6.3 below), disordered gratings with similar feature
sizes are also analyzed in the following. Since the optimum periods are small compared to
the wavelengths range of interest (300 — 1200 nm), the nanotexture mostly act as an
effective medium to the incident light. Therefore, a disordered nanophotonic ITO front
electrode should demonstrate similar results as a periodic.

The disordered nano-holes are generated by a simple algorithm (see master thesis of
K. Goth in ref. [157]). In a first step, three random numbers are generated, which describe
the displacement, the angle of the displacement direction and the radius of the circle. The
displacement is defined with respect to a hexagonal grid. In the second step, overlapping
circles get removed. In the FEM simulations, a unit cell of 1.9 um x 1.9 um is chosen with
periodic boundary conditions. A number of three simulations for each FF are performed
and the average is reported below.

- - = FEM "periodic" — FEM "disorder"
o FF = 60% FF = 60%
i 1 periodic disorder
0.8} J 5
0.6} Jeero = Jieon=

16.0 mAcm™ (periodic)
16.0 mAcm™ (disorder) 1

20.7 mAcm™ (periodic)
20.7 mAcm™ (disorder)
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Figure 6.7. Reflectance R, transmittance T, and absorptance A of the periodic and disorder nanophotonic ITO
device with the same geo. FF of 60%. The period of - and the average inter-distance between the — holes is
220 nm, repsectively. The depth of the holes is 80 nm in both cases. Due to the small size of the holes, the
disorder and periodic configuration demonstrate a very similar optical behaviour.
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For equal geo. FF, and average inter-distances of the nano-holes, the nanophotonic ITO
front electrodes demonstrate the very same Jsc in the top perovskite solar cell (see Figure
6.7). This confirms the assumption that the textured interface acts as a layer with an
effective refractive index and diffraction can be disregarded.

Similarly, for smaller geo. FF, both, the Jsc in the bottom c-Si silicon and the Jsc in the
top perovskite solar cell correspond to the periodic equivalents (see Figure 6.8). For
increasing geo. FF, the reflectance at =400 nm and =800 nm reduces. Therefore, the
absorptance A and thus the Jsc in the top perovskite and bottom c-Si solar cell enhance.
Again, the numbers match to their respective periodic contestants.
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Figure 6.8. Reflectance R, transmittance T, and absorptance A of the disorder nanophotonic ITO device with
the various geo. FF of between 22% and 60%. The average inter-distance between the holes is 220 nm. The
depth of the holes is 80 nm. For increasing geo. FF, die short-circuit current density Jsc increases in the top
perovskite and bottom c-Si solar cell — equivalent to the periodic configuration.

6.2.4 Effective medium approach for nanophotonic ITO electrodes

In the preceding sections, the best geometries of the nanotextures have been derived. The
optimum performance of the 4T tandem solar cell with the nanophotonic ITO electrode in
the top perovskite solar cell is determined for a similar hole depth and pillar height of
80 nm. Moreover, the period performing the best, 220 nm and 200 nm for the holes and
pillars, respectively. Therefore, the periodic grating of holes and pillars is smaller than the
wavelengths of the considered solar irradiance (300 -1200 nm). Consequently, the
corrugated glass/ITO/SnO,/perovskite interface(s) mostly act as an effective medium to
the propagating light. Moreover, due to the small period, no coupling of the light to guided
modes is observed in the transmittance spectrum of the nanophotonic ITO devices (see
section 7.3).

For the holes and pillars (see Figure 6.9), the previous simulations of the nanotextured
ITO electrodes with the FEM are compared to planar TMM simulations where the textured
interfaces are substituted by effective refractive indices (labeled: ‘EM’). Compared to the
FEM, the reflectance R and transmittance T of holes (see Figure 6.9a) and pillars (see Figure
6.9b) simulated with the EM approximation show a very good agreement. Only the
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absorptance of the perovskite layer is overestimated in the short wavelength regime
(< 500 nm). This leads to an overestimated Jsc of 20.8 mAcm™ for the holes and pillars with
the EM approach. This offset is due to the fact that for the short wavelengths
(300 - 500 nm), the EM approach is no longer valid and the periodic grating leads to
diffractive effects. Moreover, in the EM approximation, the perovskite volume is part of
two effective layers (see Figure 6.9) and thus the contribution to the actual perovskite
volume is estimated by the volume ratio and the absorption coefficient of the perovskite
and the respective other component (ITO and SnO3). However, the approximation shows

an excellent agreement in the longer wavelengths range (> 500 nm).
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Figure 6.9. Comparison between FEM simulations of the nanotextures to planar TMM simulations (‘EM’),
where the corrugated interfaces are replaced by effective medium according the Equation 6.3. The
reflectance R and transmittance T of (a) holes and (b) pillars show good agreement. Only the absorptance of
the perovskite layer is overestimated in the short wavelength regime (<500 nm) by the EM aproixmation.

For the TMM calculations, the effective refractive index of the substituting layers is
estimated by the geo. FF and the complex refractive indices of the layers defining the
mixed volume (see ref. [171] and [157] for a detailed derivation):

1

Neff = . 6.3.
j FF_ (1-FF)

n nf

Since both nanotextures can be approximated with an effective medium, the anti-
reflective effect of the nanophotonic ITO electrode is similar as to a typical thin-film
antireflection coating (ARC). For a perfect ARC, the reflected light destructively interferes
for the geometric mean of the two surrounding refractive indices:

NARc = /N " Ny. 6.4.

Due to the dispersion, it is challenging to match this condition for the full spectrum.
Compared to the optimum refractive index for an ARC nagc, the effective refractive index
neff hardly shows any deviation (see Figure 6.10a). Here, both refractive indices are
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calculated for the nanotextured glass/ITO interface. The excellent agreement of both
describes the superior optical properties of the nanotextured ITO front electrodes
compared to the planar reference, where the transition is from glass to ITO (see Appendix
A for the refractive index data).

However, also planar ARCs are proposed to compete with the reflectance losses at the
glass/ITO interface [26]. In this regard, e.g. silicon oxynitride (SiOo.4No) is suggested, since
its optical band gap is >5 eV, making it transparent for a broad spectral range [172].
Nevertheless, the refractive index is not as perfect as narc and significantly deviates from
nef. Therefore, a smaller increase in the absorptance in the perovskite layer as well as in
the overall transmittance is achieved for an optimized thickness of 80 nm (see Figure
6.10b). In this regard, the Jsc of the perovskite reaches 20.3 mAcm™ and the Jsc in the c-Si
15.8 mAcm?, which is still =2%rel less than the nanophotonic hole configuration of the ITO

electrode.
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Figure 6.10. (a) Refractive index of a perfect antireflection (AR) coating between glass and ITO and the
effective refractive index of the nanotextured glass/ITO interface. (b) Absortance A and transmittance T of
the planar reference compared to the optimum (for holes) nanotextured ITO front electrode and the device
with a 80 nm thick AR coating with SiO04No.s between the glass and ITO

6.3 Disordered nanophotonic front electrodes for perovskite-
based multi-junction PV

In order to examine the predicted enhancements of the nanotextured ITO front electrodes
derived by the simulations in the previous section, nanophotonic ITO front electrodes are
experimentally fabricated. The nanophotonic ITO front electrodes are probed in 4T
perovskite/c-Si tandem solar cells, whereas the architecture of the semitransparent
perovskite solar cells (see Figure 6.11) is very similar to the above simulated (compare
Figure 6.1) and consists of ITO, Sn02, Cso.1(MAo.17FA0.83)0.9Pb(lo.83Bro.17)3, spiro-OMeTAD,
MoOy, and ITO as the rear electrode. To probe the performance of the nanophotonic ITO
electrodes in the semitransparent perovskite solar cells, disordered nanophotonic ITO
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electrodes are processed. In the following, nanopillars are chosen and analyzed within the
front electrode of a semitransparent perovskite solar.

To fabricate disordered nanopillars, a rapid and cost-effective polymer blend
lithography method is used to generate self-assembled patterned monolayers on a glass
substrate [173,174]. For the pattern generation, the phase separation of two immiscible
polymers is used [175,176]. In this regard, a blend of polystyrene (PS) and poly(methyl
methacrylate) (PMMA) is dissolved in methyl ethyl ketone (MEK) at 100°C for 1 h. After
spin coating the polymer-blend on top of a glass substrate, the layers are exposed to O;
plasma to cross-link the PS polymer. By developing the samples in acetic acid, the PMMA
is removed and self-assembled cross-linked PS nanopillars remain on the glass substrate.
By controlling the spin-coating parameters, humidity, molar masses of the two polymers
and the mass ratio, the size distribution of nanopillars can be controlled. Details on
fabrication via polymer blend lithography are reported in references [173,175] and the
corresponding coauthor publication of this work: reference [158].

In general, the mean distance between the nanopillars can be adjusted via the ratio of
the PS in the blend mixture. A reduction of the PS leads to an increased average inter-
distance between the nanopillars (see Figure 6.12a and b). Even larger inter-distances of
=550 nm are obtained by increasing the molecular weight of the PS (see Figure 6.12c). In
addition to the increase in the average inter-distance, the mean diameter of the
nanopillars increases as well. Nevertheless, a similar average height of the nanotextures
(120 nm - 135 nm) is obtained by the different process parameters.

Subsequent to the polymer blend lithography, the obtained disordered nanopillars are
conformally coated with a layer of ITO. Whereas the optical performance is decreased for
larger inter-distances of the nanopillars, the sheet resistance improves. In Figure 6.12e,
the optical characteristics are shown for the three configurations with different nanopillar
inter-distances. The nanotextured ITO electrode shows the highest transmittance and
lowest reflectance for the smallest nanopillar inter-distance of 210 nm, which matches
perfectly with the simulated optimum period of 200 nm (see Figure 6.5).

(a) Planar (b) Nano
Glass
ITO/SnO,

Glass

ITO/Sn0,-np

Perovskite Perovskite Polystyrene

Spiro-OMeTAD

Spiro-OMeTAD

200 nm

c-Silicon bottom cell c-Silicon bottom cell

Figure 6.11. Scanning electron microscope (SEM) image of the cross section of (a) planar and (b)
nanotextured perovskite solar cell. The disordered nanopillars on top of the glass substrate consist of
polystyrene (PS). The ITO is conformally coated on top. Adapted with permission from ref. [158], © 2020
Optical Society of America.
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Figure 6.12. (a-c) Atomic force microscopy (AFM) images of the nanostructured ITO electrode for average
inter-distance between the nanostructures of (a) 210 nm — optimized, (b) 310 nm and (c) 550 nm. (d)
Statistical analysis of the diameter of the nanostructures in the optimized nanostructured ITO electrode
derived from AFM measurement. (e) Transmittance T and reflectance R, and (f) sheet resistance (Rsh) of the
planar ITO electrode and the NS ITO electrode for average inter-distance between the nanostructures of:
210 nm, 310 nm and 550 nm. Adapted with permission from ref. [158], © 2020 Optical Society of America.
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Figure 6.13. Reflectance and transmittance of the planar and nanotextured ITO electrode (a) on glass and
(b) of the semitransparent perovskite solar cell (glass/ITO/SnO2/perovskite/spiro-OMeTAD/MoOx/ITO).
Adapted with permission from ref. [158], © 2020 Optical Society of America.

For larger inter-distances of the nanopillars the reflectance increases over the
complete spectrum (300 nm — 1200 nm). In contrast to the optical improvement, the sheet
resistance increases from 27 Q/sq for the smallest nanopillar inter-distance to 73 Q/sq (see
Figure 6.12f). However, the overall results (see below), indicate that the increase in the
sheet resistance does not play a significant role and the smaller average nanopillar inter-
distance is desired due to the greatly improved transmittance (see Figure 6.12e).
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The experimentally processed and optically best-performing nanotextures are close to
the predicted optimum by the simulations for ordered nano-pillars of FF = 35%, p = 200 nm,
and h = 80 nm. The diameter of the optimized nanostructures varies between
25nm-300nm (see Figure 6.12d) and the average inter-distance between the
nanostructures is =210 nm. The average height of these nanostructures is =130 nm. The
subwavelength inter-distance between the nanostructures induces an effective gradual
matching of the refractive indices, which reduces the reflection losses compared to a
planar ITO front electrode (see Figure 6.13a). Therefore, the weighted transmittance
(300 nm - 1200 nm) is enhanced by =7%e compared to the planar reference.

This nanotextured ITO front electrode is then embedded in semitransparent
perovskite solar cells. In the devices, the transmittance for energies below the band gap (>
780 nm) shows a strong and broadband improvement (see Figure 6.13b). Thus, the EQE of
the bottom c-Si solar cell is enhanced by 2.9 mAcm™ (=23%rei). In addition, the reduced
reflectance losses in the visible spectrum (< 780 nm) leads to an enhanced Jsc in the
perovskite solar cell by =2%re (see Figure 6.14).

However, the Voc of semitransparent perovskite solar cell with the nanotextured ITO
front electrode decreases by =40 mV (see Figure 6.14b and Table 5), which is also evident
in the increased non-radiative recombination (see PL measurements in ref. [158]).
Compared to the planar reference, the charge carrier lifetime is increased from 5.8 ns to
8.2 nsin the device with the nanotextured ITO front electrode. The increased non-radiative
recombination is observed by time-resolved photoluminescence (PL) spectroscopy of the
planar and nanotextured perovskite solar cells. The rise in the carrier lifetime can be linked
to the enhanced surface area or to a poor NS ITO/SnO; or SnO,/perovskite interface due
to the texture. Compared to the planar reference, the series resistance of the device with
the nanotextured ITO front electrode also increases from =70 Q to =81 Q. However, the
planar reference perovskite solar cells and the devices with the nanotextured ITO front
electrodes demonstrate both a stable power output (nano: 15%, planar: 16%), see MPP
tracking in ref. [158]).

Table 5. Electrical parameters of the top, bottom and 4T tandem solar cell for the planar and nanotextured
ITO front electrode. Adapted with permission from ref. [158], © 2020 Optical Society of America.

Parameters/ . 4T Planar 4T NS
. Planar ITO- NSITO- c-Si: . . . .

Device c-Si: Planar  ¢-Si: NS ITO-PSC/c-Si ITO-PSC/c-Si
. PSC PSC standalone

Architecture tandem tandem

Voc (V) 1.12 1.08 0.70 0.67 0.67 - -

Jsc (mAecm?)  |19.6 20.0 38.9 12.8 15.7 - -

FF (%) 78 73 80 80 80 - -

PCE (%) 17.1 15.9 21.8 6.8 8.5 23.9 24.4

SPCE? (%) 16.0 15.0 - - - 22.8 23.5

1 The stabilized power conversion efficiency (SPCE) for tandem devices is calculated from the PCE of the top
semitransparent PSC (after 5 min) and the PCE of the bottom c-Si solar cell at the maximum power point.
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Figure 6.14. (a) External quantum efficiency (EQE) and (b) current density — voltage (IV) characteristics of the
¢-Si standalone, the planar ITO perovskite solar cell (PSC), and the PSC with the nanotextured ITO front
electrode (NS ITO). Moreover, the filtered (by the planar and nanotextured perovskite solar cell) c-Si solar
cell EQE and IV are provided. Adapted with permission from ref. [158], © 2020 Optical Society of America.

Moreover, the enhancement in the transmittance — although the PCE of the top
perovskite solar cell is reduced in the case of a nanotextured ITO front electrode — leads
to an improvement in the overall 4T tandem PCE by 1.7%abs. In this regard, the 4T tandem
PCE increases from 23.9% (planar) to 24.4% (nano). In addition to that, also the overall
stabilized PCE is improved from 22.8% (planar) to 23.5% (nano).

In the mechanical stacked 4T (with an air gap between the perovskite and silicon solar
cell), an interdigitated back contact (IBC) c-Si solar cell is used (see ref. [158] for more
details on the c-Si architecture). The c-Si solar cell shows a standalone PCE of 21.8% (see
Figure 6.14 and Table 5). In the 4T tandem configuration, this c-Si bottom solar cell yields
a PCE of 8.5% (nano) compared to a PCE of 6.8% (planar). This significant improvement of
the 4T perovskite/c-Si tandem solar cell of the overall tandem PCE by 1.7%abs is mainly due
to the superior increase in the transmittance. Assuming a similar Voc and FF for the
perovskite top cell with the nanotextured ITO front electrode as the planar reference, the
PCE in such a 4T tandem device could be enhanced up to =26% (+8.7%:el), thus indicating
the great potential of the nanotextured ITO electrodes.

Therefore, improving the Voc, is of highest importance for real tandem applications
with the nanotextured ITO electrodes. The loss in Voc is mainly due to increased non-
radiative recombination’s due to the textured interfaces (ITO, SnO, and perovskite).
Therefore, the fabrication of the nanotextured perovskite solar cells needs to improve. In
particular, the interfaces due to the nanotexturing. One potential strategy is the
evaporation of the electron transport layer, leading to a more uniform coverage of the
nanotextured ITO layer compared to the solution processed thin-film [109].

Moreover, the current deposition techniques of the front ITO need to be optimized to
avoid formation of small cracks in the nanotextured ITO electrodes and thus increase the
sheet-resistance. In particular, highest sheet-resistance is obtained for the smallest
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nanotextured ITO electrodes with an average inter-distance of =210 nm (see Figure 6.11b).
In addition and in order to reduce the sheet-resistance further, also metal grids could be
applied [177]. However, a small sheet resistance is indispensable for larger active areas
paving the way towards realistic module sizes. Therefore, it is highly encouraging to resolve
the remaining challenges of the electrical properties of the nanotextured perovskite solar
cells and exploit by future work the full potential of this nanophotonic concept.

In order to scale up the concept to relevant module sizes, not only the electrical
properties of the nanotextured ITO electrodes have to be considered, but also the
manufacturing process of the nanotextures. The current polymer blend lithography
promises to go to larger scale (4 —5-inch wafer-size), however, due to the spin coating
there will be an upper limit. Therefore, the pattern needs to be either transferred to a roll-
to-roll process [178] or the texture needs to be fabricated differently. The latter seems to
be possible via inject-printing [179]. Which would integrate well in all-inkjet printed
perovskite solar cells, currently heavily investigated [180-182].

Moreover, a direct implementation of the nanotextures into the glass substrate would
enable higher process temperatures for the perovskite solar cell and especially for the
front ITO. With a higher process temperature, a more transparent ITO can be achieved
[183,184]. Circumventing the use of polystyrene might also be important for the long-term
stability of the device, since polystyrene might be susceptible for photodegradation [185].
A potential replacement might be the transferring the textures into the glass directly by
etching [186] or a liquid glass approach [30].

Besides, it should be noted that in contrast to the simulated model architecture, the
enhancement of the transmittance into the silicon bottom solar cell increases from =2%re
to =22%rel. Nevertheless, the enhancement in the top perovskite solar cell is comparable.
The large discrepancy between the simulated and measured transmission arises mainly
due to the better match of the refractive indices in the simulated layer stack. In particular,
the refractive index of the front ITO in the simulations was chosen very optimistically,
leading to an already high transmission in the planar reference. However, this shows that
an optimization of the current ITO front electrode in terms of refractive index is of
paramount importance. In addition, indium zinc oxide (IZO) or hydrogenated indium oxide
(IOH) might be suitable replacement to minimize parasitic near-infrared absorption losses
in the electrodes [160]. First simulations and experiments with IZO show this impressively
(see Appendix B) by increasing the transmittance below the band gap of the perovskite
around 15 - 20%abs. However, as seen by the optical simulations provided in chapter 6,
even for an optically improved front electrode (‘ITOHol13’, see Appendix A), the
nanotexturing still leads to considerably enhancements in the overall tandem power
conversion efficiency. This is due to the fact that the effective refractive index of the
corrugated layer still can be better matched to the one of a perfect anti-reflection coating
by tuning the geometry of the nanotextures (see section 6.2.4).
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6.4 Energy yield estimation of nano-patterned ITO electrode-
based perovskite/c-Si tandem PV

So far, the Jsc of the perovskite top and c-Si bottom solar cell as well as the respective
tandem efficiency are reported for normal incidence. The key to estimate the realistic
device performance is the estimation of the energy yield (EY), which takes into account
the performance of the tandem module under oblique angles and especially realistic
irradiation conditions. In the following, the EY of the perovskite/c-Si 4T tandem solar cells
with the nanotextured ITO front electrode are compared to their planar reference.
Therefore, the angular dependence of the 4T tandem solar cell is experimentally
measured. To estimate the potential of the nanotextured electrodes, the electrical (Voc,
Jsc and FF) of the top cells are assumed to be the same and angular dependent EQE data is
used as input for the EY modelling.

Whereas the Jsc of the top perovskite solar cell with the nanotextured ITO electrode
does not show a strong difference in the angular dependency compare to the planar
reference, the Jsc of the bottom c-Si solar cell with the nanotextured ITO electrode
demonstrates an improved angular stability (see Figure 6.15a).

The decrease for higher angles of incidence is more pronounced for the planar
reference. For angles up to 60°, the Jsc reduces to 84% in the c-Si solar cell in the planar
configuration. For the perovskite solar cell equipped with the nanophotonic ITO electrode
on top, the Jsc of the c-Si solar cell still is > 90% for an angle of incidence of 60° (see Figure
6.163).
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Figure 6.15. (a) normalized short-circuit current denisty Jsc of the single-junction c-Si solar cell, the perovskite
and c-Si solar cells in 4T configuration for a planar and nanotextured ITO front electrode. (b) Transmittance
of the perovskite solar cell equipped with planar and a nanotextured ITO front electrode. Adapted with
permission from ref. [158], © 2020 Optical Society of America.
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Figure 6.16. External quantum efficiency (EQE) of the perovskite solar cell equipped with (a) planar and (b)
a nanotextured ITO front electrode and the c-Si solar cell in the 4T configuration for different angle of
incidence. In case of the nanotextured ITO electrode, the improved transmittance leads to an enhanced EQE
in the c-Si solar cell. Adapted with permission from ref. [158], © 2020 Optical Society of America.

Compared to the planar reference, the absolute gain due to the nanotexture in the c-Si
bottom solar cell of the 4T architecture is 3.7 mAcm™2. This is due to the improved
transmittance of the nanophotonic ITO electrode — particularly for larger angles of
incidence, which also result in a significantly improved EQE of the bottom c-Si solar cell
(see Figure 6.16). The EQE of the top perovskite solar cell turns out similar for the planar
(a) and nanotextured ITO front electrode (b). Due to the enhanced overall transmittance
for wavelengths > 780 nm, the EQE in the bottom c-Si solar cell increases. Especially at a
wavelength of 910 nm the dip in EQE flattens out. Moreover, above 950 nm, no decrease
in the EQE for larger angles is observed, which is due to the improved optical transmittance
(see Figure 6.16b).

Therefore, the realistic enhancement due to the nanotextured ITO electrode might be
even stronger than estimated for normal incidence. The output power during a single day
January 3") in Phoenix, USA, reflects the improved 4T tandem performance (see Figure
6.17a). The relative gain during the course of the day is above 30% in the c-Si bottom and
=5% in the top perovskite solar cell. In the early morning (sunrise) and evening (sunset),
the c-Si solar cell benefits even more from the improved transmittance for larger angles of
incidence. This is due to the fact that the simulated solar module is elevated at optimal tilt
and the angle of incidence on the solar module is lowest during noon.

Moreover, the EY is calculated for four different locations in the USA with different
climatic conditions: boreal (Chicago, lllinois), temperate (Portland, Oregon), tropical
(Miami, Florida), and arid (Phoenix, Arizona). Since each of the locations have their specific
climate (share of direct and diffuse irradiance, temperature, latitude), the annual EY is
different for the selected locations (see Figure 6.17b). However, the relative enhancement
of the EY due to the nanotextured front electrode in the 4T tandem solar cell is *10%re|
irrespective of the location. This also exceeds the estimated enhancement of 8.7%re for
standard test conditions (normal incidence, AM1.5). In compression to the planar
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reference, the perovskite sub-cell with the nanotextured ITO electrode considered as
single-junction, improved by =3%:e. Compared to the single-junction c-Si solar cell used in
the tandem configuration, the nanotextured 4T tandem is improved by 14 - 15%el.
Therefore, the EY study reveals that nanotextured electrodes bear an exciting potential to
improve the generated power output of perovskite-based tandem PV.
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Figure 6.17. Energy yield calculations of the perovskite/c-Si 4T tandem solar cells with a nanotextured ITO
front electrode compared to the planar reference. (a) Power output of the sub-cells and relative
improvement over the course of one day. (b) Annual energy yield for four locations with different climatic
conditions: boreal (Chicago, lllinois), temperate (Portland, Oregon), tropical (Miami, Florida), and arid
(Phoenix, Arizona) of the sub-cells and the 4T tandem configurations. The EY improves by =10%rel
independent from the location. Adapted with permission from ref. [158], © 2020 Optical Society of America.

6.5 Summary

In the present chapter, nanophotonic front electrodes are designed and developed to
improve the light incoupling into the top perovskite solar cell and to enhance the
transmission into the bottom crystalline silicon (c-Si) solar cell in a four-terminal (4T)
tandem configuration. In this regard, the nanophotonic front electrodes effectively reduce
the reflection losses of the front transparent indium tin oxide (ITO) electrodes.
Electromagnetic simulations of the nanotextures lead to optimum periods in the range
of 200 nm, and therefore shifting the dimension into the range of the effective medium
approximation. The simulations indicate an improvement by the nanotextured front
electrodes in the current generation and thus in the tandem power conversion efficiency
(PCE) of perovskite/c-Si tandem by =4%:.i. Due to the small periods, nano-holes and nano-
pillars lead to very similar improvements. The light effectively sees an average refractive
index and the corrugated interface(s) up to the perovskite mostly act as an effective
medium to the propagating light. For the optimum geometry, the effective refractive index
of the corrugation matches well between the ones of glass and ITO and therefore
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outperforms commonly employed single layer anti-reflection coatings for the full spectral
range.

The nanophotonic electrodes, moreover, are implemented in prototype 4T
perovskite/c-Si tandem solar cells, demonstrating an improvement of =2%r. In the
experimental realization, disordered nanopillars are fabricated on the glass substrate with
a rapid and cost-effective polymer blend lithography method. Via phase separation of two
immiscible polymers (PMMA and PS), self-assembled patterned monolayers are produced.
Due to the small period, simulation predicted equivalent enhancements by disordered
nanotextures as for the periodic counterparts. For the same geometric fill factor, the same
enhancements are calculated.

Compared to the simulated devices, the improvement in the bottom solar cell due to
the enhanced transmittance is more prominent (22%rel vs. 2%re1). Moreover, the perovskite
top solar cell only gains 0.4 mAcm?, which is less than the 0.9 mAcm? predicted by the
simulations. However, it should be noted that in the simulated architecture, the refractive
index of the front ITO matches better between the glass and SnO,. Therefore, the
transmittance of the planar reference is already higher. However, this teaches two things:
firstly, the development of an improved front transparent electrode is of paramount
importance, and secondly, even with an optically improved front transparent electrode,
the nanotexturing still leads to considerably enhanced tandem PCEs.

Although, the tandem PCE is enhanced by 2%re, in the experiment, one remaining
challenge in the experiment is to overcome the loss in open-circuit voltage. For this, further
optimization is needed to mainly reduce the non-radiative recombination’s induced by the
textured interfaces. One potential strategy is the evaporation of the electron transport
layer, leading to a more uniform coverage of the nanotextured ITO layer compared to a
solution processed thin-film. Moreover, the sheet resistance is comparably high for real
tandem devices. This have to be solved by the optimization of the ITO deposition, which in
the current state still leads to cracks in the nanotextured ITO films.

Nevertheless, nanophotonic electrodes demonstrate a superior angular stability.
Assuming similar electrical parameters of the nanotextured and planar perovskite devices
reveal a =10%el improvement in the annual EY compared to the planar reference. This
even surpasses the 9% enhancement for standard test conditions (normal incidence). In
addition, the nanophotonic electrodes are not suspect to any spectral dependence and do
not show any significant dependency of the different climatic and irradiation conditions.
For all four locations, the relative increase in the annual EY remains constant. Therefore, it
is highly encouraging to resolve the remaining challenges of the electrical properties of the
nanotextured ITO front electrodes for the perovskite solar cells and exploit by future work
the full potential of this nanophotonic concept.
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7  Nanophotonic perovskite solar cells with improved
light trapping

In this chapter, the light trapping properties of nanopatterned perovskite absorber layers
are investigated. The nanotexture inside the perovskite leads to the coupling of incident
light to quasi-guided modes and thus enhances the absorption inside the perovskite layer.
The coupling of the incident light to specific modes allows to primarily control and enhance
the absorption in the weaker absorbing regimes close to the band gap of the perovskite
solar cells.
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7.1 Introduction

In addition to the presented light incoupling textures at the front glass cover of PV modules
and the nanotextured front electrodes in perovskite solar cells, the patterning of the
perovskite absorber material itself is investigated in the following. By the patterning of the
absorber layer with periodic textures, the coupling of incident light to quasi-guided modes
can be achieved. This increases the absorption and therefore the short-circuit current
density (Jsc). Moreover, the coupling to specific modes allows to control and enhance the
absorption in the weaker absorbing regimes close to the band gap of the perovskite solar
cells.

Various techniques to pattern the perovskite layers have been proposed in literature:
(1) focused ion beam lithography [190-193], (2) electron beam etching [194-196], (3)
recrystallization through phase transformation [197,198], and (4) thermal nanoimprint
lithography (TNIL) [187,199-203]. From those, the TNIL is the most promising, since it
allows patterning of nanostructures at both large scale and high throughput, which is
crucial for up-scalable fabrication technologies such as roll-to-roll processing [178,204].
During the TNIL, the perovskite recrystallizes due to the applied heat and pressure yielding
to an improved crystal structure that exhibits fewer surface defects [200]. In contact with
a textured mold, the perovskite layer is directly patterned by the TNIL.

So far, the main focus in research has been on nano-patterning the perovskite layer for
the purpose of optically-pumped lasing [191,200,201], light-emitting diodes [197] and
nanostructured photodetectors [199]. Only recently, nanoimprinted perovskite solar cells
with improved Jsc have been reported, which show a broadband enhancement of the
external quantum efficiency [203,205]. In this regard, Kim et al. identified that the uniaxial
compression leading to an enhanced crystal quality and Wang et al. described the
nanophotonic light trapping by diffraction of incident light at the textured perovskite
interface. However, the coupling of incident light to quasi-guided modes was not discussed
in detail. The following chapter builds on these studies and provides detailed experimental
and simulative analysis of the light coupling to quasi-guided modes in nanoimprinted
perovskite solar cells.

First, optical simulations on the light coupling to quasi-guided modes in the
nanophotonic perovskite solar cells are discussed and optimized geometrical parameters
are derived for periodic holes inside the perovskite layer. The nanophotonic perovskite
solar cells improve the Jsc by 5 - 6%rel compared to their planar references.

Next, experimental results on nanophotonic perovskite solar cells are reported.
Therefore, the perovskite layers are nanoimprinted with a facile TNIL process. These
nanoimprinted perovskite solar cells demonstrate an enhanced Jsc with respect to their
planar references by =2%el. The enhancement in Jsc by the coupling of the incident light
to quasi-guided modes, enhancing the absorption near the band gap of the perovskite is
analyzed in detail. Due to the nanoimprint, the electrical parameters of the perovskite
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7 Nanophotonic perovskite solar cells with improved light trapping

solar cells remain unchanged and more importantly, the presented nanoimprinted
perovskite solar cells show a stable power output.

Since the implemented photonic grating in the perovskite layers might be susceptible
for oblique incidence of light, the angular dependent performance of the nanophotonic
perovskite solar cells is analyzed. Finally, energy yield simulations are performed to
evaluate the nanophotonic perovskite solar cells under realistic operation conditions.

7.2 Nanophotonic perovskite solar cells

In order to increase the short-circuit current density (Jsc) in perovskite solar cells, the
absorption in the perovskite layer has to be enhanced. Enhancing the absorption inside
the perovskite thin-film solar cell can be achieved by exciting quasi-guided resonances
inside the photo-active layer to which the incident light can couple [206]. These
resonances lead to a stronger concentration of the electromagnetic field inside the
perovskite absorber. In this regard, a nanophotonic grating inside the perovskite layer is
designed, which effectuates the coupling and therefore leads to improved absorption
within the perovskite absorber layer.

In order to achieve this, a nanophotonic modification by a cylindrical patterning of the
absorber layer is proposed as illustrated in Figure 7.1. In the following, three
configurations are discussed: (1) a planar reference, (2) a cylindrical indentation, and (3) a
hole inside the perovskite layer (see Figure 7.1). Whereas the “indentation” corresponds
to a hole inside the perovskite absorber layer with a certain height h, the “hole” represents
the maximum possible indentation.

K(1) Planar

HTL (Spiro-OMeTAD)

Absorber (MAPbDI,) variable (2) Indentation

ETL (Ti0,)

Electrode (ITO) (3) Hole

Substrate (Glass)

N~

Figure 7.1. Schematic of the layer stack with corresponding layer thicknesses of the simulated perovskite
solar cell. Three different configurations of the active layer are simulated: (1) a planar reference, (2) a
cylindrical indention into the perovskite layer of variable depth; and 3) a hole geometry which corresponds
to the maximum cylindrical indention. Adapted with permission from ref. [49], © 2019 Elsevier.
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In order to evaluate the performance of the “indentation” and “hole” configuration in
comparison to the “planar” reference, wave-optical simulations are carried out with the
commercially available software Comsol Multiphysics® (see details in section 3.1.2). Based
on the three-dimensional electromagnetic simulations of a unit cell of the full perovskite
solar cells, the enhancement in the short-circuit currents are calculated by the absorption
enhancements in the perovskite layer. The simulations are performed with a plane wave
starting inside the lossless glass layer. The obtained data is afterwards corrected by the
air/glass reflectance. Therefore, only the optical enhancement is simulated and evaluated.
Nevertheless, it should be noted that the increased perovskite surface due to the
nanophotonic grating inside the layer, is expected to enhance carrier recombination.
However, due to self-passivation of the perovskite layer, these losses are expected to be
small [207]. Besides, the potential improvement of the open-circuit voltage Voc due to the
decreased thickness is neglected in this study as well [208]. In addition, the experimental
realization (see section 7.4) of nanophotonic perovskite solar cells shown that the
electrical parameters remain largely the unaffected by the corrugation.

The planar reference layer stack considered in this study (see Figure 7.1) comprises
indium tin oxide (ITO) as well as gold as a rear electrode. The well-established methyl-
ammonium lead triiodide perovskite (MAPbI3) is used as absorber material, since it was at
the time of this study the most researched lead halide perovskite and exhibits very similar
optical properties to the various types of multi-cation perovskites that are used in today’s
record solar cells [167,168,209]. The charge transport layers are titanium dioxide (TiOy)
and 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-
OMEeTAD). The refractive indices of the perovskite absorber and the other materials used
for the optical simulations are summarized in Appendix A.

Compared to the planar reference, the nanophotonic indentation and hole
configurations demonstrate a significantly enhanced Jsc (Figure 7.2). For different initial
perovskite thicknesses dpero the corresponding Jsc is calculated. Therefore, the volume of
the perovskite absorber in the nanophotonic configurations equals the same volume as
the volume in the planar reference with the respective same initial thickness dpero. For a
conventional perovskite absorber thickness! of =300 nm, the Jsc is enhanced by
~1.0 mAcm? and =1.2 mAcm? for the hole and indentation, respectively (see Figure 7.2).
This corresponds to a relative improvement of 4.7% and 5.6%. The geometry of the
nanophotonic perovskite layers is defined by the optimization shown further below. In
Figure 7.2, the geometric fill factor is set to 40% and the period is fixed at 380 nm for both
the hole and indentation with depth of 120 nm.

L1t should be noted that the thicknesses of the record devices evolved from ~300 nm towards 400 - 500 nm during the
period of this work.
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Figure 7.2. Short-circuit current density Jsc of the hole and indentation configuration of the nanophotonic
perovskite solar cell compared to the planar reference for different perovskite layer thicknesses dpero. The
perovskite thickness is proportional to the lead content per area in the device [210]. The nanophotonic
configurations have a period of 380 nm and a geometric fill factor of 40%. Adapted with permission from ref.
[49], © 2019 Elsevier.

Next to the enhanced Jsc of the nanophotonic perovskite solar cells, nanophotonic
perovskite solar cells with significantly lower absorber thickness can yield the same or even
higher Jsc than their planar counterparts. In this regard, it is possible to reduce the
perovskite absorber volume while maintaining high Jsc. A reduced absorber volume
directly leads to a reduced lead content in the perovskite solar cell (expressed in gm2). For
the considered 300 nm thick perovskite layer, the nanophotonic perovskite solar cell
demonstrate the same Jsc for a 33% (indentation) and a 37% (hole) reduced amount of
perovskite material. Compared to the planar reference with 0.43 gm, this equals a lead
content of 0.29 gm2 and 0.27 gm™, respectively.

As mentioned, reducing the amount of perovskite material in the perovskite solar cells,
directly links to a reduced amount of harmful lead in the devices. The reduction and the
replacement of the harmful lead in the perovskite solar cells is still a key challenge and is
heavily investigated in current research [211-213]. At present, the most prominent routes
to mitigate lead are the (partial) substitution of the lead by a group IV element, like tin or
germanium and its replacement by a double perovskite structure, where lead is replaced
by a heterovalent substitution with noble metals [214].

For this reason, intensive research is currently being carried out on lead-free perovskite
solar cells, as well as on a partial replacement of the Pb by Sn or Ge [215]. One of the goals
is to fall below the - still unspecified - maximum permissible values for Pb use in perovskite
PV while maintaining the stability and the high PCEs. In this regard, it should be noted that
the limit for environmental contamination depend heavily on the distribution of the
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degraded perovskite material in exposed soil or groundwater, and legislation still needs to
be enacted.

Therefore, being able to reduce the lead content, while maintaining high PCE,
nanophotonic perovskite solar cells are an excellent alternative to the partial replacement
of Pb with Sn or Ge. The reason for this is that the nano-structuring of the perovskite
absorber is independent of the perovskite absorber composition used and thus offers
access to all possible perovskite compositions. For example, perovskite solar cells with
different band gaps can benefit from this. Moreover, a combination of the partial
replacement by Sn or Ge may be a conceivable strategy.

The enhanced Jsc in the nanophotonic perovskite solar cells is represented in the
enhanced absorption in the perovskite layer. In Figure 7.3, the absorption of the two
nanophotonic configurations: “holes” (Figure 7.3a and c) and “indentation” (Figure 7.3b
and d) with a depth of 120 nm is compared to the planar reference device. Here, an
indentation is with a depth of 120 nm is studied. A full optimization of the indentation
depth is discussed in Figure 7.6. The comparison is shown for an initial perovskite absorber
thickness of 200 nm (Figure 7.3a and b) and 300 nm (Figure 7.3c and d). The enhancement
in the Jsc (summarized in Figure 7.3e) is due to the coupling of incident light to quasi-guided
modes in the perovskite thin-film. This coupling is represented in distinct peaks in the
absorption spectra near the band gap of the perovskite (close to 800 nm). Since the
absorption is (comparably) weak in the planar reference close to the band gap, strong
enhancements are visible.

For shorter wavelengths (600 - 750 nm), much broader enhancements are present in
the absorption spectra of the nanophotonic perovskite solar cells. Most interestingly, the
absorption near the band gap surpasses the absorption of the planar reference neglecting
all parasitic absorption and is close to the Yablonovitch limit. For the Yablonovitch limit,
perfect Lambertian light trapping is assumed and parasitic absorption as well as surface
reflections at the air-glass interface are neglected. For shorter wavelengths (< 500 nm),
the nanophotonic perovskite solar cells with a complete hole, demonstrates a strong loss
in the absorption, which is linked to an increased parasitic absorption — mainly in the spiro-
OMeTAD layer (see Figure 7.4a). For decreased indentation depth, the parasitic absorption
is reduced and the absorption equals the planar case (see Figure 7.4b).

The increased parasitic absorption of spiro-OMeTAD layer is also visible in the
distribution of the electric field intensity for such short wavelengths (e.g. 355 nm) shown
in Figure 7.5a. At 355 nm, the perovskite layer is strongly absorbing the incident light and
no quasi-guided modes are supported. However, in the “hole” configuration, the void of
the hole is filled by spiro-OMeTAD, which starts absorbing once reached by the
electromagnetic wave.

For longer wavelengths, 675 nm (see Figure 7.5b) and 795 nm (see Figure 7.5c), distinct
periodic patterns in the electric field intensity are apparent for the nanophotonic
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perovskite solar cells, which clearly correspond to the field enhancement through specific
guasi-guided modes. Since the light absorption scales quadratically with the electric field
intensity, the enhanced field intensity leads to strong enhancements in the absorptance
(see Figure 7.3a and b). Similar patterns are apparent at distinct wavelengths

demonstrating enhanced absorption in the case of a 300 nm initial perovskite layer
thickness as shown in Figure 7.3c and d.
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Figure 7.3. Simulated absorptance in the perovskite layer for the planar perovskite solar cells for a 200 nm
(a, b) and a 300 nm (c, d) thick perovskite layer compared to the corresponding cavity and indentation
configuration. Compared to the theoretical Yablonovitch limit, parasitic absorption in the perovskite solar
cell reduces the overall absorption. (e) Both nanophotonic perovskite solar cells demonstrate similar Jsc as
the planar reference without parasitic absorption. The displayed nanophotonic patterns employ a geometric
fill factor of 40% and a period of 380 nm. Adapted with permission from ref. [49], © 2019 Elsevier.
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hole configuration, the indentation and the planar configuration. (b) Enhanced parasitic absorption in the
hole configuration compared to the indentation and planar perovskite solar cells. The strongest loss is due
to light absorption in the Spiro-OMeTAD layer at shorter wavelengths up to 420 nm. Adapted with
permission from ref. [49], © 2019 Elsevier.
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675 nm, and (c) 795 nm for a 200 nm planar reference and the corresponding nanophotonic representations
of the indentation and hole. A cross-section though the 3D unit cell of the nanophotonic perovskite solar cell
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the solar cell stack. For longer wavelengths, the characteristic patterns in the electrical field intensity for
quasi-guided modes are present in the perovskite absorber layer. Adapted with permission from ref. [49], ©
2019 Elsevier.

To maximize the Jsc in the nanophotonic perovskite solar cells, the geometrical
parameters of the cylindrical indentations and holes are tuned. The optimization of the
period P, the geometric fill factor FF, and the indentation depths d of the cylinders is
illustrated in Figure 7.6. Compared to the planar reference, almost each set of parameters
of the nanophotonic perovskite solar cells demonstrates an improved Jsc. The parameters
are varied for three different perovskite initial thicknesses: 100 nm, 200 nm, and 300 nm.
Within one of the subfigures, each of the three curves has the same initial perovskite layer

thickness and therefore the same perovskite absorber volume.
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Figure 7.6. Short-circuit current density Jsc derrived from the absorption in the perovskite layer of three
different (initial) perovskite layer thicknesses dpero = 100 nm, 200 nm and 300 nm. The Jsc is calculated by the
simulated absorptance. Two periodic configurations: “holes” and “indentation” are compared to the planar
reference. The Jsc is compared for (a) different periods P, (b) different geometric fill factors FF, and (c)
different indentation depths h. Whereas an indentation of 0 nm equals the planar reference and the
maximum indentation per thickness corresponds to the “hole” configuration. All simulations are performed
at P =380 nm and FF = 40% if not defined differently by the sweep. Adapted with permission from ref. [49],
© 2019 Elsevier.

Regardless of the perovskite thickness, the nano-pattern inside the perovskite layer
enhances the Jsc of the nanophotonic perovskite solar cells. The optimum period (see
Figure 7.6a) for both, the indentation with a depth of h=120nm and the hole
configuration, is found at =400 nm. In particular, the coupling of light to guided or quasi-
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guided modes in the perovskite layer can be influenced by the period of the two-
dimensional grating. In this regard, the light couples into modes by different grating
diffraction orders, depending on the incidence angle and the wavelength. A guided mode
analysis of the planar perovskite solar cell architecture is performed and illustrated in
Figure 7.7. Since the extinction coefficient of the perovskites decreases near the band gap,
enhancing the absorption in this spectral region is beneficial. Therefore, coupling is
analyzed in the most relevant wavelength range above 600 nm (Figure 7.7b). The coupling
of the incident light to these modes is expected for spatial frequencies of the grating
matching the propagation constant of quasi-guided modes. The dispersion relation for the
TEo and TMo mode discloses potential coupling to those modes in the perovskite layer for
periods in the range between 300 nm and 500 nm. This matches very well with the found
optimum period in Figure 7.6a.

The geometric fill factor for the sweep over the periods is set to FF = 40%, which is very
close to the optimum FF. For the indentation, the optimum in the geometric fill factor shifts
from 40% to 50% for an increased initial perovskite layer thickness from 100 nm to 300 nm.
For the hole configuration, the maximum Jsc is always at a geometric fill factor of 45% (see
Figure 7.6b).

For shallow indentations inside the perovskite absorber layer, the nanophotonic
perovskite solar cell shows only minor enhancements in the Jsc. In Figure 7.6c, the
indentation depth is varied from zero (“planar”) to the maximum possible for each of the
distinct initial perovskite absorber thicknesses (“hole”). The strongest enhancements are
found for indentations around 120 nm, which is valid for all three initial perovskite
thicknesses. Whereas the relative improvement in Jsc observed for the indentation is less
for the thicker layers, the relative gain for the 100 nm thin perovskite layer reaches 23.9%.
However, this demonstrates, that a strong perturbation by the nanophotonic grating in
the thinner perovskite layer is necessary to maximize absorption of light.

For thicker perovskite absorber layers, already a partial corrugation is sufficient to
achieve the optimum Jscand the indentation turns out to be superior. For an indentation
depth larger than h =120 nm, the Jsc oscillates and does not increase further. Moreover,
the complete indentation (“hole” configuration), is experimentally not feasible due to the
shunting of the device by connecting the ETL with the HTL. Nevertheless, it is kept as an
upper (optical) limit for the hole depth in the simulations.

The optimized geometry of the nanophotonic perovskite solar cells is derived therefore
for periods around 300 — 500 nm, a geometric fill factor of 40 — 50% and a minimum
indentation depth of =100 nm. It should be noted that the optimum FF shifts from 40% at
100 nm initial perovskite layer thickness to 50% for a 300 nm perovskite thickness in case
of the experimentally feasible indentation. However, the difference is below 0.1 mAcm??,
which means that the optimum found is reasonably broad. This in turn motivates the
experimental implementation (see next section). In addition, for large indentation depths,

114



7 Nanophotonic perovskite solar cells with improved light trapping

the possible gain in the Jsc is neglectable. Moreover, for some specific configurations (e.g.
a depth of =400 nm for the initial perovskite thickness of 300 nm) the nano-patterning
even proves to be disadvantageous. Finally, the broad range of suitable periods and the
remarkable gain (=5-6%e) in the Jsc in the nanophotonic perovskite solar cells is
auspicious for experimental realization.
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Figure 7.7. (a) The electric field intensity of the TEO and TMO mode at ko = 8.3 rad um™. (b) Guided mode
analysis of the planar reference architecture with a 100 nm thick perovskite layer. The TEO and TMO mode
for different propagation constants kwaveguide and free space wave vector ko. The potential region of
absorption enhancement in the perovskite layer reside mainly above 600 nm. (c) The periodic grating
displays good overlap for periods around 400 nm. Adapted with permission from ref. [49], © 2019 Elsevier.

7.3 Nano-patterning of the perovskite absorber layer

The simulated enhancements in the Jsc provides good prospects for an experimental
realization of nanophotonic perovskite solar cells. To nano-pattern the perovskite solar
cells, the thermal nanoimprint lithography (TNIL) is used as described in more detail in
section 3.2.3. To build nanoimprinted perovskite solar cells, the layer stack of the
perovskite solar cell is processed up to the perovskite layer. The annealed sample (see
section 3.2.4) is then imprinted with an in-house developed hot embossing machine. The
machine operates in ambient air, but can purge the process chamber with nitrogen or even
evacuate it once the sample is inside (see section 3.2.3). Nevertheless, it is not possible to
avoid exposure of the perovskite layer to ambient and humid air, i.e. during the transfer
inside the chamber. Subsequently, the nanoimprinted perovskite sample is completed to
full solar cell devices by the deposition of the hole transport layer spiro-OMeTAD and a
gold electrode.

115



7 Nanophotonic perovskite solar cells with improved light trapping

Planar imprinted perovskite layers

In order to test the TNIL and to derive a suitable parameter window, planar imprints of the
perovskite layers have been performed first. The planar imprint of the perovskite layer
results in a significant increase in the mean grain size by =15%e with increased
temperatures (see Figure 7.8). At a temperature of 90°C, there is a small trend in the
optimum pressure. For a pressure of =30 MPa during the TNIL process, the grain size
maximizes. However, the influence of the applied pressure decreases further at 100°C.
Moreover, at sufficiently large temperatures (=100°C), an increasing pressure leads to
smoother layers (see Figure 7.9). The root mean square (RMS) roughness of the planar
imprinted perovskite surface decreases from =47 nm to =28 nm. A similar trend of
decreased surface roughness is also found in the lamination of perovskite solar cells,
whose basic process resembles the planar imprint (see Figure 8.7 for the temperature
dependent decrease of the roughness in laminated solar cells).
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Figure 7.8. (a) Scanning electron microscopy (SEM) of a pristine perovskite layer and the same layer after a
planar imprint at 30 MPa and 100°C. (b) The mean grain area of different planar imprinted perovskite layers
is increased compared to the pristine reference. For elevated temperatures, the grain area increases
significantly.

Although the perovskite surface is exposed to ambient atmosphere before and after
the TNIL process, the perovskite layer shows no signs of degradation (see ‘pristine’ in
Figure 7.10). Until up to 100°C, only the characteristic diffraction peaks from the crystal
planes of the triple cation perovskite as well as the ITO and SnO; are visible.

Furthermore, it is hypothesized that this is due to the planar stamp acting as protective
layer during the TNIL and helps to avoid any gaseous degradation products to escape [202].
Since the edges are not completely sealed, we observe the degradation of the perovskite
at elevated temperatures — starting at 110°C. This becomes visible optically — the
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7 Nanophotonic perovskite solar cells with improved light trapping

perovskite film turns yellow (see pictures in Figure 7.10) — and by the rising diffraction
peaks of the lead iodide Pbl, at 12.6° in the X-ray diffraction (XRD) pattern (see Figure
7.10).
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Figure 7.9. Atomic force microscopy images (AFM) of a pristine perovskite layer and a planar imprinted

perovskite layer at 50 MPa and 100°C. (b) The root mean square (RMS) roughness is decreased for higher

imprinting pressures at an imprint temperature of 100°C.
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Figure 7.10. X-ray diffraction (XRD) pattern for a pristine perovskite layer on top of ITO compared to four

different heated perovskite layers. The characteristic diffraction peaks for the triple cation perovskite are

visible in the XRD diffractogram for different temperatures (60°C up to 130°C). For temperatures above

100°C, an additional Pblz peak is arising at 12.6°.
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7 Nanophotonic perovskite solar cells with improved light trapping

Nanoimprinted perovskite layers

The change in the mean grain size is a direct indication that the perovskite layer
recrystallizes during the planar imprint and therefore is able to recrystallize during a
nanoimprint as well. Moreover, the hot pressing is not anticipated to change the
perovskites’ composition during the TNIL process [216], which is shown in the previous
section (see Figure 7.10). Only a change in the morphology is visible by the increased gain
sizes (see Figure 7.8).

In order to transfer a periodic grating inside the perovskite layer, a textured stamp is
used. The stamps consist of a textured OrmoStamp® (UV-curable photoresist) layer on top
of a glass substrate. They are processed by the replication via PDMS of a master mold
(silicon wafer) fabricated by electron-beam lithography. The details on the fabrication of
the stamps is described in more detail in section 3.2.2.

Various periods of the periodic arrangement of the cylindrical pillars are processed.
Overall, the replicated OrmoStamp® molds reveal good quality — although the geometric
fill factor is slightly reduced (30 - 40%) compared to the master mold (FF = 40%). In Figure
7.11 the atomic force microscopy (AFM) images of two exemplary stamps with different
periods (P =480 nm and P =410 nm) are shown. The square lattice of the periodic pillars
is clearly visible and the replication leads to a pillar height of =180 nm in both cases.

The TNIL on the perovskite surface is performed on the annealed perovskite layers. The
optimum temperature for the TNIL process is found at =100°C. The pressure is set to
30 MPa. Once the sample (including the process chamber) reached the imprint
temperature, the pressure is increased from a small touching force (equals a pressure of =
1 -5 MPa) to the actual imprint pressure. The imprint pressure is applied for 10 min at the
imprinting temperature and until the sample is cooled down to room temperature. The
cooling and heating are performed actively with cooled or heated oil inside the upper and
lower plate of the imprinting machine (see section 3.2.3 for more details on the TNIL).
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Figure 7.11. Atomic force microscopy of the OrmoStamp molds used for the thermal nanoimprint
lithography. The pillar texture is well replicated on top of a glass substrate. In (a), the two-dimensional
grating demonstrates a geometric fill factor of =30%, in (b) a geometric fill factor of =40%. The periods are
480 nm and 410 nm, respectively. The height of the pillars is equivalent in both textures.
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7 Nanophotonic perovskite solar cells with improved light trapping

The layer stack up to the perovskite layer is thermally imprinted with three arrays with
periodic gratings of the same size (3.5 mmx4.5 mm) covering the active areas
(3 mm x 3.5 mm) of the device (see Figure 7.12). The fourth active area on each substrate
is imprinted with a planar surface — and therefore used as a reference. In the photograph,
the reflected light of the surrounding illumination generates strong diffractive effects due
to the grating inside the perovskite layer. Dependent on the viewing angle and on the
period, different diffraction orders are present and a strong color impression is visible. On
the three different samples, each pixel has a different period.

10 mm
| —

Figure 7.12. Photograph of periodic grating imprinted perovskite layers. Each pixel has a different period.
From left to right: {300 nm, 380 nm, 460 nm}, {440 nm, 460 nm, 480 nm}, {350 nm, 360 nm, 370 nm}.
Therefore, light incident onto the perovskite surface is efficiently diffracted to the viewer, giving different
color impressions.

A scanning electron microscopy (SEM) image of such imprinted perovskite layers shows
the change of the surface morphology of the perovskite layer in detail (see Figure 7.13).
For the planar imprint (a), the boarder between the silicon stamp and the pristine
perovskite layer is clearly visible. For the planar imprint, the roughness of the perovskite
surface significantly decreases. For the nanoimprinted layer in (b), the holes inside the
perovskite are well replicated. Again, the image shows the boarder of the nanotexture and
the planar region of the TNIL. For a larger period, the AFM image reveals comparably large

grains with holes inside them (see Figure 7.13c).

140 nm

120

90

60

30

Figure 7.13. Scanning electron microscopy image of a (a) planar hot-embossed and (b) nanoimprinted
perovskite surface. (c) AFM image of large period imprinted. The imprinting has been performed at =300 for
10 min at a temperature of 100°C.

119



7 Nanophotonic perovskite solar cells with improved light trapping

As reported above, the temperature of the TNIL process has the strongest influence on
the recrystallization of the perovskite thin-film. For increased temperature, the
indentation depth of the holes inside the perovskite layer is increased. At temperatures
=90°C to 100°C the imprint depth inside the perovskite is converging towards the actual
pillar height on the stamp (see Figure 7.14a). Whereas the imprint quality of the perovskite
layer is very poor for low temperatures (=50°C), the quality increases dramatically and is
very good at 100°C (see Figure 7.14b and c). In the line profile of the AFM scan for 50°C
the shallow imprint is clearly visible (see Figure 7.14c).

For a deeply (=160-180 nm) nanoimprinted perovskite layer with periods of
(a) 480 nm, (b) 460 nm and (c) 440 nm, the AFM images are shown in Figure 7.15. The
imprint quality is very good and relatively homogeneous over the complete 15.75 mm?
surface area of each of the grating fields. This was checked by scanning with the SEM over
the whole area.
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Figure 7.14. (a) Imprint depth for a nanoimprinted perovskite layer for different temperatures. The pillar

height of the textured mold is 180 nm. For increasing temperature, the imprint depth is converging to the
height of the pillars on the mold (green line). (b) Atomic force microscopy (AFM) images of the
nanoimprinted perovskite layer at 50°C and 100°C at a pressure of 30 MPa each. For temperatures below
60°C, the nanoimprint reveals defects in the textured perovskite surface. (c) Line profile as a function of the
lateral position x for three different temperatures. Adapted with permission from ref. [50], © 2019 Elsevier.

120



7 Nanophotonic perovskite solar cells with improved light trapping

200nm  (b) 1900m  (c) 190 nm
150 150 150
100 100 100

50 50 50

0 0

Figure 7.15. Atomic force microscopy images of the three nanoimprinted perovskite layers with a period of
(a) 480 nm, (b) 460 nm and (c) 440 nm. The geometric fill factor is around 10-30%.

The AFM images presented are representative for the imprint quality. However, the
replicated grating of nanoholes inside the perovskite surface demonstrate a geo. FF of
10-30% only. The periodic stamps for the TNIL had a geometrical FF of =30 - 40%.
Therefore, a strong loss in geo. FF from the original silicon master mold (FF = 40%) to the
perovskite layers is observed.

Moreover, it should be noted that there is no severe loss of perovskite material during
the TNIL when operated below the decomposition temperature. The displaced perovskite
material by the nanoimprint of the perovskite layer translocates to the remaining volume
next to the holes. Therefore, the effective thickness of the perovskite bulk (including the
parts of the surrounding of the nano-holes) increases with increasing imprinting depth and
geometrical FF of the holes (see Figure 7.16a). With an FF of =10 - 20% and the depth of
the holes of 160 - 180 nm, the calculated effective thicknesses match the experimentally

measured heights of the perovskite layers.
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Figure 7.16. (a) The effective thickness of the perovskite layer is increased at the position of the nanoimprint.
The increase is due to the conservation of the perovskite volume during the TNIL. The pristine 370 nm thick
perovskite layer increases by roughly 30 nm for the nanoimprint with depth of 160 nm - 180 nm and a
geometrical FF of 10-30%. (b) X-ray diffraction pattern (XRD) of different nanoimprinted perovskite solar cells
at different temperature. Adapted with permission from ref. [50], © 2019 Elsevier.
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7 Nanophotonic perovskite solar cells with improved light trapping

Similar to the planar imprint of the perovskite layers at elevated temperatures up to
100°C, the nanoimprint of the perovskites does not show any degradation due to the TNIL
process (see Figure 7.16b). The crystal structure of the triple cation perovskite remains
unaltered for elevated temperatures. Starting at =105°C, a small lead iodide Pbl;
diffraction peak appears.

Compared to the planar imprinted perovskite layer, the photoluminescence (PL)
intensity is enhanced by =80% for the nanoimprinted layers (see Figure 7.17). The PL
spectrum is measured from the perovskite layer on top of glass/ITO/SnO,/. The PL
emission peak is located near the band gap of the triple cation perovskite (=1.62 eV). The
absolute enhancement is comparable for all the three different grating periods. The
enhancement is due to the improved light out-coupling of the grating texture compared
to the planar perovskite layer. Moreover, the enhanced light out-coupling is dependent on
the grating design and varies with the period. Owing to the reciprocity of the light path,
the emitted light by the PL emission is enhanced for energies below the band gap
(wavelengths > 795 nm). This results in a second PL peak in the emission spectrum of the
three periodic nanoimprinted perovskite layers. For energies above the band gap, the
absorption dominates and suppresses any emission enhancement due to the enhanced
light out-coupling.

In addition, the charge carrier lifetimes remain constant (=50 ns) for all the different
imprints and the planar reference perovskite layers. Therefore, we conclude from the
time-resolved PL (TRPL) (see Figure 7.17b) that the charge carrier dynamics of the
nanoimprinted perovskite layers are not altered. This is beneficial for the perovskite solar
cells, with nanoimprinted perovskite layers (see below).
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Figure 7.17. (a) Photoluminescence (PL) spectrum of a planar perovskite layer compared to the PL spectra of
three nanoimprinted perovskite layers with periods. (b) Time-resolved photoluminescence (TRPL) of the
planar and nanoimprinted perovskite layers shows a similar decay. The PL and TRPL measurement of the
planar and the nanoimprinted perovskite layers are measured on glass/ITO/SnO.. Adapted with permission
from ref. [50], © 2019 Elsevier.
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7 Nanophotonic perovskite solar cells with improved light trapping

In terms of optical performance, the nanoimprinted perovskite layers on top of
glass/ITO/Sn0O,/ demonstrate a decreased reflectance for wavelengths close to the band
gap (=700 nm) as well as below the band gap (= 800 nm). In Figure 7.18, the measured
reflectance for two samples with three different periods each are illustrated. Compared to
the planar reference layer, the reflectance shows sharp features corresponding to coupling
of the incident light to distinct waveguide modes in the device. Therefore, different grating
periods demonstrate slightly shifted features in the transmittance spectrum (see Figure
7.18). This decrease in reflectance can be correlated to an enhanced absorption in the
device. For wavelengths below the band gap this is linked to an increased parasitic
absorption — for wavelengths above the band gap this may corresponds to an enhanced
absorption in the perovskite layer, which has been demonstrated by the simulations

shown above.
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Figure 7.18. Reflectance of two nanoimprinted glass/ITO/SnOz/perovskite samples with different periods.
The reflectance is measured by illuminating from the glass side. The planar reference demonstrates a higher
reflectance than the periodic textured perovskite layers. The nanoimprinted perovskite layers demonstrate

the coupling of the incident light to quasi-guided modes in the device.

7.4 Nanoimprinted perovskite solar cells

The concept of nanoimprinting the perovskite layer is now further transferred to
nanoimprinted perovskite solar cells. The change in transmittance is a valid indication
together with the enhanced PL emission that the nano-texturing enhances the light
coupling to quasi-guided modes in the device. After the TNIL process, the textured
perovskite surface is covered with the HTL spiro-OMeTAD by spin coating (see Figure 7.19).
Therefore, 80 mg/mL spiro-OMeTAD (Luminescence Technology) solution doped with
17.5 pL of lithium bis-(trifluoromethanesulfonyl) imide (520 mg/mL in acetonitrile) and
28.5 ulL of 4-tert-butylpyridine was diluted in cyclohexanone (volume ratio 6:1) and spin-

coated at 3000 rpm for 30 s in ambient atmosphere.

123



7 Nanophotonic perovskite solar cells with improved light trapping

In comparison to the conventional process (described in section 3.2.4), the
cyclohexanone is added to enhance the wettability of the spiro-OMeTAD solution on top
of the textured perovskite surface (see left image in Figure 7.20) [217]. Compared to a
planar perovskite surface, the nanotextured layer leads to a larger contact angle of the
spiro-OMeTAD solution, which results in a roll-off of most of the solution, and thus in very
inhomogeneous layers (see right image in Figure 7.20).

Thermal nano-imprint
lithography

/Gold
/Splro-OMeTAD
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Spiro-OMeTAD & gold Glass
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Figure 7.19. Schematic of the thermal nanoimprint lithography (TNIL) process. The perovskite layer of the
perovskite solar cell is imprinted with a two-dimensional periodic grating. A patterned glass substrate with
OrmoStamp is used as stamp for the TNIL process. Due to recrystallization during the TNIL process at 30 MPa
and 100°C, the perovskite thin-film recrystallizes in the shape of the 2D grating. The insets shows a top-view
scanning electron microscope (SEM) image of a planar and a nanoimprinted (“Nano”) perovskite layer with
a period of 480 nm. Adapted with permission from ref. [50], © 2019 Elsevier.

Figure 7.20. Coverage of the spiro-OMeTAD layer on top of a textured perovskite solar cell with (left) and
without (right) cyclohexanone in the spiro-OMeTAD solution.
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Subsequent to the spiro-OMeTAD deposition, a 60 nm thick gold electrode is
evaporated using a thermal evaporator. The spiro-OMeTAD layer and the gold electrode
cover the nanoimprinted perovskite layer very well (see Figure 7.21 and Figure 7.22). The
spiro-OMeTAD layer planarizes the nanotextured surface of the perovskite layer.
Moreover, the cylindrical holes of the nanoimprinted perovskite layer are filled by the
spiro-OMeTAD.
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Figure 7.21. Scanning electron microscopy (SEM) images (a) and (b) of the nanoimprinted perovskite solar
cell at a different positions. The SEM image is captured for an inclination angle of 45°. The cross-sectional
view displays all layers of the stack. The cylindrical holes of the nanoimprinted perovskite layer are infiltrated
by the spiro-OMeTAD and fill up the holes. Therefore, the spiro-OMeTAD/gold interface is planarized.
Adapted with permission from ref. [50], © 2019 Elsevier.

Figure 7.22. Scanning electron microscopy (SEM) image of a nanoimprinted perovskite solar cell at an
inclination angle of 45°. The nanoimprinted perovskite solar cell has a period of 480 nm. The cross-sectional
view displays all layers of the stack. The cylindrical holes of the nanoimprinted perovskite layer are filled with
spiro-OMeTAD. Adapted with permission from ref. [50], © 2019 Elsevier.
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7 Nanophotonic perovskite solar cells with improved light trapping

Nanoimprinted perovskite solar cells are processed with a period of 480 nm, 460 nm,
and 440 nm (see AFM and SEM characterization of exactly this device in Figure 7.15, Figure
7.16, and Figure 7.22). The nanoimprinted perovskite solar cells with a period of 480 nm
and 440 nm performed equally well and demonstrate an improved Jsc of =2%r.l compared
to the planar references.

In the following, the nanophotonic perovskite device with a period of 480 nm is
depicted. In Figure 7.23a, the current density — voltage characteristics of champion
nanoimprinted perovskite solar cell and planar reference is shown. The Jsc increases from
19.1 mAcm™ to 19.4 mAcm. This improvement is due to the enhanced EQE (see Figure
7.23b) of the nanophotonic perovskite solar cell in the weakly absorbing spectral region of
the perovskite solar cell (> 680 nm). The two-dimensional periodic grating inside the
perovskite layer enhances the coupling of incident light to the quasi-guided modes in the
perovskite layer and therefore increases the absorption. The increased absorption is due
to the increased electromagnetic field intensity within the perovskite layer for certain
wavelengths (see the simulated electric field intensity in Figure 7.5).

The enhanced EQE between 680 and 790 nm is linked to the reduced reflectance (see
Figure 7.23b). At 795 nm and below the band gap, the coupling becomes visible by sharp
features in the reflectance spectra (Figure 7.18b). Above the band gap, the resonances in
the reflectance spectrum are due to parasitic absorption in the nanophotonic perovskite

solar cell.
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Figure 7.23. (a) The current density-voltage (J-V) characteristic of the planar and nanoimprinted perovskite
solar cell with a period of 480 nm. The nanoimprinted perovskite solar cell demonstrates an improved short-
circuit current density (Jsc). (b) External quantum efficiency and reflectance spectra of the planar and
nanoimprinted perovskite solar cells. The nanoimprinted perovskite solar cell shows enhanced absorption
and current generation close to the band gap. For energies below the band gap (>790 nm) discrete peaks are
visible in the reflectance measurement. Adapted with permission from ref. [50], © 2019 Elsevier.
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Figure 7.24. (a) Current density — voltage characteristics of the nanophotonic and planar perovskite solar
cell. The open-circuit voltage (Voc) and the fill factor (FF) are hardly affected by the nanoimprint. The period
of the grating is 410 nm. (b) Maximum power point (MPP) tracking of a planar and nanophotonic perovskite
solar cell. Both cells reach a stable power conversion efficiency (PCE) within 300 s. Adapted with permission
from ref. [50], © 2019 Elsevier.

Since the fill factor (FF) and open circuit voltage (Voc) are not affected by the
nanoimprint (see Figure 7.18a), the improvement of the Jsc due to the improved EQE
directly leads to an improved PCE of =1%el. Moreover, the TNIL does not affect the stability
of the perovskite solar cells. On a different nanoimprinted perovskite solar cell (with a
period of 410 nm), a maximum power tracking is performed. Compared to the planar
perovskite solar cell on the same device, which was thermal nanoimprinted at 100°C and
30 MPa for =10 min, the nanophotonic solar cells show a similar stable power output (see
Figure 7.24).

The above reported enhanced Jsc in the nanoimprinted perovskite solar cells is due to
the coupling of the incident light to quasi-guided modes in the perovskite absorber. The
improved Jsc is mainly because of a spectrally broad (80 nm) enhancement in the EQE near
the band gap of the perovskite.

Reducing the period of the nanophotonic grating inside the perovskite absorber to
410 nm leads to strong and sharp enhancements in the EQE (see Figure 7.25a), as already
have been shown by the simulations (see Figure 7.3c). Here, a distinct quasi-guided mode
is prominent for normal incidence at 784 nm. Although the enhancement is strong near
the band gap, the overall improvement in the Jsc is comparably weak. Nevertheless, the
coupling is also visible in the reflectance spectrum, which matches very well with the
excited modes. In addition, for larger angles of incidence of up to 60° of incidence, this
mode is still present.

It should be further noted that in order to increase the spectral width of the coupling,
disordered nanotextures have been successfully implemented as well (see Appendix C.1).
For an average diameter around 400 nm, the Jsc enhances by =3%e. However, the overall
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7 Nanophotonic perovskite solar cells with improved light trapping

PCE remained low (at =10%) due to poor electrical performance in both the planar
reference and the nanoimprinted devices.

Nevertheless, the experimentally fabricated nanoimprinted perovskite solar cells
demonstrate similar coupling to quasi-guided modes close to the band gap, as shown by
the simulated nanophotonic perovskite solar cells. However, an offset in the coupling
strength as well as in the overall enhancement in terms of Jsc is visible. However, there are
a number of reasons for this. Firstly, slightly thicker perovskite layers were used in the
experiments (=370 nm), which limit to potential enhancements in the short-circuit current
density to around 5%. Secondly, there is a loss of the geo. FF during the transfer from the
master molds (40%) into the perovskite layers (only =10 - 30%). In retrospect, the choice
of the geometric fill factor on the master lattices was somewhat unfavorable chosen with
40%, since simulation revealed that slightly thicker perovskite layers have their optimum
geo FF. close to 50%.

In addition, the transfer of the concept from opaque single-junction perovskite to
perovskite/c-Si tandem solar cells indicates that the strong coupling to guided-modes in
the longer wavelengths reduce the transmission into the bottom c-Si solar cell (see
Appendix C.2). Nevertheless, the top perovskite solar cell still benefits by an increase in
the Jsc. However, the improvement will be mostly attenuated by the decrease in
transmittance.
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Figure 7.25. External quantum efficiency (EQE) — normalized to the maximum of the 0° angle of incidence
(AOI) measurement at 450 nm — of a planar and nanoimprinted perovskite solar cell near the band gap. The
nanoimprinted perovskite layer has a period of 410 nm. The enhanced absorption is visible at 784 nm by a
sharp feature in the external quantum efficiency. For increasing AOI, the mode shifts towards shorter
wavelengths. Adapted with permission from ref. [50], © 2019 Elsevier.
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7.5 Energy yield estimation of nanophotonic perovskite solar
cells

So far, only the Jsc for normal incidence of the nanophotonic perovskite solar cells has been
discussed in detail. In the experiment, it was demonstrated that the coupling to quasi-
guided modes remains for larger angle of incidence as well (see Figure 7.25). However,
since especially periodic nanophotonic textures are suspected to be subject to a significant
angular dependent optical response, oblique angles of incidence have been analyzed as
well. The angular dependent absorption of the nanophotonic perovskite solar cells is
further compared to their planar reference in terms of energy yield (EY). The EY is the key
figure-of-merit for realistic estimation of device performances, since it accounts for the
performance of the solar cells under realistic irradiation conditions, covering all angles of
incidence.

The angular dependent Jsc of the planar reference, indentation and hole configuration
are displayed in Figure 7.26a for an initial perovskite absorber thickness of 200 nm and
300 nm. Compared to the planar reference, the nanophotonic perovskite solar cells exhibit
a strong enhanced Jsc for both absorber thicknesses for all angles of incidence. Whereas
the hole configuration surpasses the indentation for normal incidence, the Jsc is lower for
larger angles of incidence for the 200 nm initial perovskite absorber thickness. In case of
the 300 nm perovskite layer, the angular behavior is exactly opposite and the indentation

shows a superior angular stability.

(a) (b)
24 T T T T T T — 1.0 T
D '©
2 I
22 - < 08 F
é | - - mzzzzre. ;
= X
2 5
L - [ »
g 20 2 0.6
2 3
§ Planar (dpe, = 300 nm) 5
§ 18 Indentation (dj,, = 300 nm) g 04t o
P Hole (d,,, = 300 nm) E Miami (20°)
3 ol 4 =200 c Phoenix (26°)
S 16k anar (dp, = 200 nm) 4 02k —— Chicago (26°) 4
© = = = = Indentation (dp,, = 200 nm) = Portland (30°)
e - Hole (dp,, =200 nm) S
n 14 M 1 M 1 M 1 =z 0.0 1 M 1 M
0 20 40 60 10 20 30 40
Angle of incidence (°) Solar cell tilt angle (°)

Figure 7.26. (a) Short-circuit current denisty Jsc for different angles of incidence. The Jscis displayed for the
planar reference, the hole and idendation configuration with a 200 nm and a 300 nm intial perovskite layer
thickness. (b) The normalized annual energy yield over the solar cell tilt angle the planar configuration with
a perovskite layer thickness of 300 nm. The different locations, show a different optimal tilt.
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7 Nanophotonic perovskite solar cells with improved light trapping

The EY is calculated for four different locations in the USA with different climatic
conditions. For these locations, the annual EY is calculated for different solar cell tilt angles.
For a south-facing planar reference, the optimal tilt for Chicago (lllinois), Portland
(Oregon), Miami (Florida) and Phoenix (Arizona) is illustrated in Figure 7.26b. The optimal
tilt is =15° less than the latitude of the boreal and temperate locations (Chicago 41.8° and
Portland 45.5°) and =5° less than the latitude of the tropical and arid locations (Miami 25.8°
and Phoenix 33.4°). Since every location has its specific climate, the annual EY is different
for the selected locations (see Figure 7.27). Here, the EY is illustrated for the 200 nm and
300 nm initial perovskite layer thickness, respectively. The partial indentation of 120 nm
performs superior for the thin initial perovskite thickness. Here, the annual EY improves
for all locations =7% (in Phoenix only =6%).

For the thicker 300 nm initial perovskite layer, the hole configuration enhances the
annual EY similar by 5 - 6%. The difference between the hole and indentation is due to the
different angular stabilities for each of the configurations. However, it should be noted
that the hole configuration would lead to a shunting in real devices and is depicted only as
an upper limit of indentation. Nevertheless, the enhancements in the annual EY of the
nanophotonic perovskite solar cells with holes and indentations are similar, and therefore,
a partial indentation of =120 nm proves to be sufficient.

Equally impressive is the comparison between the planar 300 nm reference to the
nanophotonic configurations. In contrast to the 150% thicker planar reference, which
corresponds to 150% higher lead content, the two thin (200 nm) nanophotonic perovskite
solar cells lead to a higher EY. Even though the Jsc for normal incidence are fairly equal, the
EY surpasses the EY of the thicker planar reference still by =2%rel.
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Figure 7.27. Annual energy yield (EY) for four different locations in the USA with different climatic conditions.
The annual EY is displayed for the planar reference, the hole and indentation nanophotonic perovskite solar
cells. For each of the three devices, the EY is calculated for a 200 nm and 300 nm initial thickness of the
planar perovskite layer.
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7 Nanophotonic perovskite solar cells with improved light trapping

7.6 Summary

In this chapter, the patterning of the perovskite absorber material has been investigated
by optical simulations and initial experimental prototypes are demonstrated.

First, the optimum geometry of the nanophotonic absorber is derived. For a period of
380 nm and a geometric fill factor of =40%, the nanophotonic perovskite solar cells
promise to improve the short-circuit current density (Jsc) by 5 - 6%rel compared to their
planar references. For the pattern inside the perovskite layer, holes and indentations are
analyzed. It is shown that the nanophotonic perovskite solar cells improve the absorption
and therefore the Jsc in the perovskite solar cells by the coupling of the incident light to
guasi-guided modes in the perovskite layer. The coupling of light to quasi-guided modes in
the weakly absorbing spectral region of the perovskite absorber leads to distinct
enhancements in the absorption spectra of the nanophotonic perovskite solar cells.

Next, the nanophotonic perovskite solar cells are experimentally realized by thermal
nanoimprint lithography (TNIL). The TNIL allows to imprint the perovskite layer with a
textured mold. During the imprint of the perovskite layer, the perovskite recrystallizes. The
optimal parameters for the imprint are a temperature =100°C, and a pressure =30 MPa.
The nanoimprinted perovskite solar cells demonstrate an enhanced Jsc with respect to
their planar references by =2%.. The origin of the enhancement is alike to the simulated
devices due to the improved coupling of the incident light to quasi-guided modes in the
perovskite, which lead to distinct absorption enhancements. Most importantly, the
electrical parameters like Voc and FF of the nanoimprinted perovskite solar cells remain
unchanged compared to the planar references. Furthermore, the nanoimprinted
perovskite solar cells demonstrate a stable power output.

Although, the overall enhancements in power conversion efficiency (PCE) are yet
limited to =1%el in the experimental study, the coupling of the incident light to quasi-
guided modes in the perovskite absorber has been verified. The discrepancy to the
predicted enhancements by the simulated nanophotonic perovskite solar cells is mainly
due to the smaller geometric fill factors of the imprinted periodic holes in the perovskite
layer (=20 - 30%). Therefore, further optimizations are needed to achieve higher geometric
fill factors reaching the proposed optimized values of 40-50%, while maintaining
impeccable imprints in the perovskite thin film.

In addition, the transfer of the concept from opaque single-junction perovskite to
perovskite/c-Si tandem solar cells is discussed. Strong enhancements in the top perovskite
solar cell are found for similar geometries. However, the overall improvement in the
tandem PCE will be mostly attenuated by the decrease of transmittance into the bottom
c-Si solar cell. Potentially, the decrease could be attenuated by moving towards disordered
gratings inside the perovskite layer. Although first experiments reveal promising
enhancements in the Jsc of opaque single-junction devices by =3%, the concept needs to
be tested in semitransparent devices as well.
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7 Nanophotonic perovskite solar cells with improved light trapping

Finally, the EY of the nanophotonic perovskite solar cells is calculated for four different
locations with different climatic conditions, which is crucial to assess the realistic potential
of the nanophotonic perovskite solar cells. Especially, since periodic nanophotonic
textures are usually prone to angular dependent optical response. For all different
locations, the EY is enhanced by 5 - 7% for the nanophotonic configurations compared to
the planar reference. This enhancement is in accordance with the enhancements in the Jsc
calculated for standard test conditions.

In addition, the nanophotonic perovskite solar cells enable a facile way to mitigate the
environmentally harmful lead content in perovskite solar cells. In this regard, the
nanophotonic devices maintain the Jsc and even enhance the annual EY by 2%, while
simultaneously reduce the perovskite thickness about 33%el. Therefore, the nanophotonic
perovskite solar cells might not also enhance the overall EY, but could serve to reduce the
amount of the harmful lead.
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8 Laminated perovskite solar cells

In this section, a novel fabrication route for perovskite solar cells is discussed. In this
regard, the lamination of two separately processed perovskite half-stacks is presented.
The laminated perovskite solar cells enable to access novel device architectures and
provide new degrees of freedom in the choice of electron and hole transport layers.
Moreover, the lamination route is also seen as an exciting concept for perovskite-based
tandem solar cells.
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8 Laminated perovskite solar cells

8.1 Introduction

Perovskite-PV is a steadily and continuously growing field of research. Significant progress
in recent years has been driven by a multitude of developments and optimizations. On the
one hand, the optimization of the composition [9,10] and morphology [221] of the
absorber layer was a key to success. On the other hand, progress has been achieved
through advances in device architectures [11,12], the incorporation of passivation layers
[13,14] and the optimization of the semitransparent electrodes [160] and of the hole- and
electron transport layers [15,16]. Nevertheless, fundamental challenges remain to be
solved [222]. These include the toxicity of lead-containing perovskites and, above all, the
limited stability of the individual layers of perovskite solar cells. In this regard, it is
important that the perovskite absorber, the charge transport layers, and the electrodes
are resistant to moisture, light and thermal stress.

A promising strategy to attain mostly the thermal stability of perovskite solar cells is to
replace the organic transport layers with inorganic ones. In this regard, the hole transport
layers copper iodide (Cul), copper thiocyanate (CuSNC) and nickel oxide (NiOx) have been
shown to increase intrinsic chemical stability with respect to the commonly used organic
HTL spiro-OMeTAD [15,223-225]. In addition, the electron transport layers like zinc oxide
(Zn0), tin oxide (SnO2) and mesoporous titanium dioxide (TiO2) are known to be
intrinsically stable and have been demonstrated to result in highly efficient and stable
perovskite solar cells [226—-230]. However, the conventional layer deposition significantly
limits the combination of materials, deposition techniques and the choice of device
architectures. The reason for this is the inability to deposit some layers on top of other
layers. For solution-based processes, the underlying layer must be robust against the
solvent used for the next layer (see Figure 8.1). In addition, the wetting of the solution on
the surface is crucial for a full coverage and uniform layer thickness during spin coating.
For vacuum-based processes like physical vapor deposition (PVD) and chemical vapor
deposition (CVD), high temperatures, radicals and ion bombardment must be limited due
to possible damage of the underlying layers [26,231,232].

Solvent Solvent Thermal lon
incompatibilty dewetting degradation bombardement

Figure 8.1. lllustration of process-induced incompatibilities of layer deposition techniques.
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In this regard, metal-oxide- or fullerene-based buffer layers are usually deposited as
protective layers before processes like sputtering, atomic layer deposition or electron-
beam evaporation [233—-236]. As a consequence, not all combinations of ETLs and HTLs are
accessible in a straightforward manner.

In order to master these challenges, a number of laminating processes were presented
in literature. Incidentally, the lamination of carbon nanotube networks [237] and graphene
electrodes [238], flexible titanium substrates on titanium dioxide electron-transport layers
[239], mesh-like silver networks [240] and self-adhesive nickel meshes on polyethylene
terephthalate (PET) on a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) have been introduced. In addition, the lamination of wet organic charge
transport layers (CTLs) on top of the perovskite have been demonstrated for tandems
[241,242] and semitransparent flexible perovskite solar cells [243]. Furthermore, the
lamination of dry organic layers on top of each other [244-246] and directly on the
perovskite absorber have been presented [247]. Recently, Dunfield et al. demonstrated
the lamination of two MAPDbIs layers on top of each other [248]. However, the laminated
perovskite solar cells in this proof-of-concept work still showed comparably low PCEs
(<11%) that was mostly limited by a significant series resistance.

In contrast to Dunfield et al., this work reports on the lamination of perovskite solar
cells below the annealing temperatures of the perovskite polycrystalline film. Therefore,
the lamination is not formed via the degradation pathway (see Equation 1 in ref. [248]) at
lamination temperatures of around =150°C, but by a recrystallization during the hot
pressing at =90°C (see Figure 8.7 and section 7.2). Moreover, the two half stacks are
laminated at the perovskite / HTL interface and the influence of a thin poly(triarylamine)
polymers (PTAA) buffer! layer between the perovskite and HTL interface is analyzed. Since,
the both perovskite half-stacks are processed independently, it enables the opportunity to
access device architectures that are generally inaccessible by conventional processing
methods. Since this is the case for device architectures with two inorganic CTLs, a
combination of two inorganic CTLs is presented in this work: (sputtered) NiOx and SnO,,
which are promising due to their intrinsic stability.

In the following sections, this work provides a detailed discussion on the process of
laminating the perovskite solar cells via hot pressing. The process parameters are studied
and the influence of pressure, lamination time and temperature are evaluated.
Furthermore, the results on our champion devices are discussed. Finally, flexible and
semitransparent laminated perovskite solar cells as well as a combination of both are
demonstrated.

1PTAA is also an HTL. The term “buffer” is used to distinguish PTAA from the NiOx HTL.
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8 Laminated perovskite solar cells

8.2 Hot pressing of perovskite solar cells

The laminated perovskite solar cells are manufactured via hot pressing two separately-
processed half-stacks together (see Figure 8.2). Due to the separate fabrication of the two
perovskite half-stacks, it is possible to enable device architectures and material
combinations, which are usually inaccessible by conventional processing methods. In this
study, SnO2 and NiOx are used as ETL and HTL, respectively. As absorber, the triple cation
perovskite Cso.1(MAo.17FA0.83)0.9Pb(lo.s3Bro.17)3 is used. As a buffer layer to enhance
mechanical and electrical contact a thin PTAA buffer layer is utilized between the
perovskite and HTL. All details on the device and layer fabrication can be found in section
3.2.4.

After the two substrates are prepared, they are brought into contact and placed on the
lower plate of the hot press (see Figure 8.3a). It should be noted that the hot pressing is
performed with the same machine as for the TNIL described in sections 3.2.3 and 7.3. The
hot pressing can be subdivided into three phases: (1) the heat up of the plates and sample,
(2) the lamination and (3) the cool down before the laminated perovskite solar cell can be
released. The two perovskite half-stacks are laminated at a temperature of 90°C and a
pressure of 50 MPa for a duration of 5 min. Owing to the machine specifications, the
precision of the temperature, pressure is + 2°C, + 5 MPa. In Figure 8.3b a typical process
diagram is displayed for the pressure and temperature during the lamination. To
compensate for minor imperfections or unevenness’s in the complete stack, a silicon wafer
and two aluminum foils are placed between the substrate and the metal plates of the hot
press on both of the two substrates (see Figure 8.3a).

@
-

Electrode +
Substrate Substrate B — —

Processing two half stacks Lamination via hot pressing Laminated perovskite solar cell

Figure 8.2. lllustration of the lamination process. First, two perovskite half-stacks are processed separately.

Subsequently, the two half-stacks are laminated together in a hot-pressing step at temperatures of =90°C
and a pressure of =50 MPa. After the lamination, the two half-stacks form an intimate electrical contact at
the laminated interface. Adapted with permission from ref. [218], © John Wiley & Sons.
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Figure 8.3. Process diagram of the hot pressing to laminate two perovskite half-stacks. The process can be
subdivided in three phases. During the heat up phase, the two half-stacks are in contact and the chamber is
closed. The pressure is increased to =50 MPa once the two half-stacks reach the lamination temperature of

=90°C. After 5 min the pressure the cool down is initialized. The pressure is released after the sample reached
40°C. Adapted with permission from ref. [218], © John Wiley & Sons.

During heat up, the upper and lower metal plates are moving together (a) with a speed
of 2.0 mm-mint. While the plates are moving together, the temperature steadily increases
from room temperature to =90°C. Additionally, the chamber is flushed with nitrogen to
lower the water and oxygen content in the process chamber during the lamination process,
which both are known to degrade the perovskite layer.

Once the upper and lower plate close, the force on the plates increases (b) due to the
trapped air inside the sealed upper and lower plate (see Figure 8.3a). At around 1 mm
apart from the touching point, the pressure is set to zero (c) and the moving speed of the
plates is reduced to 0.5 mm-min! to assure a gentle touch of the sample arrangement with
the top metal plate. A sharp increase in pressure (d) indicates the touching (touching force
=100 N) of the plates and sample.

After touching, the chamber is repeatedly evacuated and flushed with nitrogen to
minimize the oxygen and moisture content in the chamber. Until the temperature reached
90°C, the sample is held at a constant pressure of =10 MPa (f). The lamination of the two
half-stacks is initiated at 90°C, where to pressure increases to 50 MPa. The lamination is
performed for 5 min at constant pressure and temperature. The laminated perovskite solar
cell is then released (h) after the temperature is cooled down to 40°C.

8.3 Contact design

The architecture of the laminated perovskite solar cells builds up on the contact design
used within the “Taskforce Perovskite” group at KIT. The active areas (10.5 mm?) of the
perovskite solar cells are defined by the overlap of the ITO stripes with the orthogonal rear
gold stripes. Conventionally, the solar cells are probed at the rear gold contacts. The outer
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gold contacts are connected with the rear; the middle gold contact contacts the front ITO
electrode. In case of laminated perovskite solar cells, the rear side is not easily accessible,
since the rear contacts are embedded between the two substrates (see Figure 8.2).

Therefore, the size of the rear substrate is reduced to enable access to the front ITO
contacts. Figure 8.4 displays the contacts and layers of the top (a-e) and bottom (f-g) half-
stack of the perovskite solar cell. The laminated perovskite solar cell (h) is probed on the
gold pads, which are evaporated on top of the ITO (e) to enhance electrical contact
between the probes and the ITO as well as between the rear gold electrode on substrate 2
and the outer ITO stripe on substrate 1. The gold pads (=40 nm) in (e) are evaporated after
removing the perovskite on the edges (d) with GBL. For the second substrate, a flexible
PEN foil is used. Before the lamination, the edges of substrate 2 are cut off (g).

(8)

Figure 8.4. Contact design of the laminated perovskite solar cells. (a) Structured ITO on a glass substrate is
used as a front electrode. (b) SN0z as ETL and (c) the perovskite absorber are swiped off (d) to expose the
ITO again. (e) Gold pads are evaporated on the edge of the ITO to enhance electrical contact. (f) A gold
electrode and a NiOx HTL are evaporated on top of the second substrate. As second substrate, a flexible PEN
foil is used and (g) the edges are cut off. (h) Substrate 2 is flipped and brought into contact with the layers of
substrate 1.
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8.4 Influence of hot-pressing parameters

To optimize the performance of the laminated perovskite solar cells, the influence of the
different input parameters of the hot pressing on the solar cell performance are examined.
In the following, the pressing pressure, the duration of the lamination, the cooling profile,
the atmosphere in the lamination chamber, the temperature and an additional buffer layer
are analyzed. Additionally, the surface roughness of the flexible substrates plays an
important role for the layer quality and will be discussed.

8.4.1 Surface roughness of the substrates

The layer thicknesses of the thin-film perovskite solar cell are in the order of ten to a few
hundred of nanometers. In case of the laminated perovskite solar cells, a second substrate
is introduced and carries the gold electrode and the HTL. Due to experimental difficulties,
a flexible film is chosen for the second substrate. Alternatively, very planar glasses are
required for the glass/glass configuration to prevent cracks of one or both substrates.
Furthermore, completely flexible laminated perovskite solar cells were investigated as well
and two flexible substrates are required.

84 nm
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Figure 8.5. AFM image of the 100 um TEONEX Q65HA PEN foil. (a) The front side shows a RMS of =1.7 nm
and (b) backside a RMS of =7.2 nm. The front side do not show any high features, whereas the backside has
pointy features of =50 nm height.

Next to the flexibility, it is imperative that the surfaces of both substrates provide a low
surface roughness. This is because sharp and high features (>50 nm) on the substrate will
destroy the thin layers during the lamination or lead to non-uniform coverage of the layers.
Especially sharp and pointy features lead to shortcuts in the device. Such features are
usually found on foils (see ref. [219]). Therefore, the extremely smooth front surface of
the TEONEX Q65HA PEN foil from TEUJIN FILM SOLUTIONS is used. In Figure 8.5 the AFM
image of the front- and backside of this PEN foil is illustrated. The root mean square (RMS)
surface roughness is =1.7 nm for the front side and =7.2 nm for the rear side. The front
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side is therefore comparable to a planar glass substrate and does not show any sharp
pointy features (=50 nm height) like e.g. the backside.

8.4.2 Lamination temperature

The most crucial parameter for the lamination process of the perovskite solar cells is the
temperature. Since the lamination of the perovskite solar cells is dependent on the
recrystallization of the perovskite absorber, the best performance is expected in the same
temperature range as the TNIL (see sections 3.2.3 and 7.3), which is around =90°C. Indeed,
the highest PCE of the laminated perovskite solar cells is found at this temperature (see
Figure 8.6a). The main reason for the increase in PCE is an increase in FF due to an
improvement in the series and shunt resistance (see Figure 8.6b and Table 6).
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Figure 8.6. (a) Power conversion efficiency (PCE) and (b) Series resistance Rs of laminated perovskite solar
cells with different lamination temperatures. The lamination is performed at the NiOx / perovskite interface.
The optimum device performance is found at 90°C. Here, the lowest Rs is measured. Adapted with permission
from ref. [218], © John Wiley & Sons.

At 60°C and below, the perovskite does not show any visible recrystallization. The FF
and other electrical parameters remain low (see Table 6). Above 100°C, the perovskite
absorber starts degrading what is detrimental to device performance. The recrystallization
of the perovskite during the lamination is studied for the different lamination
temperatures. Therefore, the laminated perovskite solar cells are delaminated again. The
exposed perovskite surface is then analyzed by AFM measurements. In Figure 8.7a, the
AFM images for 60°C up to 100°C are displayed. For increasing lamination temperature,
the RMS roughness of the perovskite surface is decreasing (see Figure 8.7b) from 12.3 nm
to 2.4 nm. Starting at =90°C, the perovskite surface suddenly looks very different and
becomes very flat. Although less defects and holes are visible at the sample laminated at
100°C, the average electrical performance decreases again (Figure 8.6 and Table 6). One
potential reason for this might be decomposition of the perovskite absorber for too high
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lamination temperatures. In Figure 8.7c, the XRD pattern is displayed and the
characteristic diffraction peaks from the crystal planes of the triple cation perovskite are
visible for temperatures up to 90°C. For temperatures above 90°C, a significant Pbl;
diffraction peak is noticeable, indicating the decomposition of the perovskite into Pbl; and

other compounds during the lamination process.

Table 6. Electrical parameters of laminated perovskite solar cells for different lamination temperatures.

T(°C) PCE (%) FF (%) Jsc (mAcm?)  Voc (V) Rsh (kQ) Rs (Q)
60 4.1+1.1 32.8+3.6 16.3+1.4 0.75+0.14 0.13+0.05 30+9
80 5.8+08 38.9+3.0 183+1.3 0.81 +0.05 0.19+0.07 20+ 4
90 6.5+£0.8 42.5+6.0 19.0+1.0 0.82 +0.06 0.27+0.13 19+6
100 56+0.2 39.3+0.7 16.5+0.8 0.87 +0.01 0.16 £ 0.01 21+1
105 3.5+09 23.4+3.1 16.0+1.7 0.81+0.02 0.08 £0.03 73+ 20
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Figure 8.7. (a) AFM images of the perovskite surface of delaminated perovskite solar cells, which where
laminated at different temperatures. The delamination is performed at the perovskite / NiOx interface. (b)
The RMS roughness of the perovskite surface decreases with the lamination temperature. (c) For
temperatures below 110°C, the XRD pattern of the triple cation perovskite does not indicate decomposition
or degradation. Adapted with permission from ref. [218], © John Wiley & Sons.

8.4.3 Influence of other process parameters on the device performance

For the lamination process, the influence of the atmosphere (ambient air, vacuum and
nitrogen) in the lamination chamber is crucial. The atmosphere can be controlled with a
vacuum pump and a nitrogen inlet. Since humidity in the ambient air is known to degrade
the perovskite layer, only the lamination under vacuum and nitrogen is tested [249]. In
Figure 8.8a, the FF of laminated perovskite solar cells are displayed for hot pressing under
vacuum and in nitrogen atmosphere. The FF is chosen as a first figure of merit for the
electrical properties of the laminated devices. Compared to the laminated perovskite solar
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cells in vacuum, the devices laminated in a nitrogen atmosphere demonstrate an improved
FF. This could be due to the fact that the decomposition reaction of the perovskite to
hydrogen iodide HI(g) and lead iodide Pblx(s) accelerates in a vacuum. However, it should
be noted that the FF is comparatively small and by the time of this observation, the process
parameters were not yet optimized. Therefore, further investigations need to proof this
hypothesis.

Whereas the pressing pressure during the lamination of the perovskite solar cells
shows an increase in FF for higher pressures (Figure 8.8b), there is no obvious trend visible
in the time of the lamination (Figure 8.8c). Since pressures above 50 MPa lead (above-
average) to cracks or complete destruction of the rigid glass substrates, higher pressures
are excluded from the analysis [219,220]. In addition to that, two different cooling profiles
are tested. First, the cooling is initialized, while the pressing pressure is still applied (w/
load). Once a certain threshold (40°C) is reached, the pressure is released and the chamber
opens. For the second method, the cooling is initialized after releasing the pressing
pressure (w/o load). However, the sample is not removed until the threshold temperature
is reached. In Figure 8.8d, the cooling under load (w/ load) demonstrates a higher FF.
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Figure 8.8. Effect of different lamination parameters on the FF of the laminated perovskite solar cells. (a) A
nitrogen atmosphere inside the process chamber is preferred over a vacuum. (b) A pressure of = 50 MPa
increases the FF. (c) The duration of the lamination pressure does not affect the FF. (d) For the cooling profile
it is preferable to keep the load during the cooling of the laminated perovskite solar cell.

8.4.4 Introducing a buffer layer between the perovskite and HTL

The preliminary investigations have shown that the FF of the laminated perovskite solar
cells is comparably low. This implies a high series Rs and low shunt resistance Rsy. A
possible reason for this might be still a poor interface between the two laminated
perovskite half-stacks. Therefore, the implementation of a thin buffer layer is intended.

In this regard, the key to the lamination process is found for a thin PTAA buffer layer
between the perovskite and NiOx HTL. The buffer layer increases the mechanical and
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electrical contact between the two half-stacks. The improved mechanical contact between
the laminated layers leads to 36% less nonfunctional laminated perovskite solar cells (see
Figure S4, Supporting Information in ref. [218]). With the PTAA layer on both sides, the
mean PCE of the devices enhances by 6.9%abs as compared to the laminated perovskite
solar cells without the PTAA layer (see Figure 8.9). It is presumed that the thin PTAA layer
enhances electrical contact by filling remaining holes in between the recrystallized
perovskite layer and NiOx HTL. The improvement is visible in all the electrical parameters,
like the FF, series and shunt resistance (see Table 7). In the champion device, the series

resistance drops from =180 Q to 66 Q.
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Figure 8.9. Electrical characterization of the laminated perovskite solar cells with a PTAA buffer layer at the
perovskite / NiOx interface. (A) No PTAA is used, (B) PTAA is deposited on top of the perovskite layer, (C) on
top of the NiOx and perovskite layer, and (D) only on top of the NiOx layer prior to the lamination process.
(E) Only PTAA without NiOx is used. Adapted with permission from ref. [218], © John Wiley & Sons.

Table 7. Electrical parameters for laminated perovskite solar cells with a PTAA buffer layer at the perovskite

/ NiOy interface for the four configurations illustrated in Figure 8.9.

Config. PCE (%) FF (%) Jsc (mAecm?)  Voc (V) Rsh (kQ) Rs (Q)
A 7.3+£0.7 43.4+3.3 19.5+0.9 0.86 +0.03 3.15+1.52 170+ 29
B 11.3+0.8 54.5+2.7 20.6 £0.1 1.01 £0.03 29.81 +23.37 139+ 22
C 13.3+2.2 64.2+7.7 21.0£04 0.98 +0.04 57.93 +30.35 68+6
D 12.8+0.5 61.0+1.4 21.2+0.3 0.99 +0.02 12.96 +3.47 90+5
E 10.0+£0.3 51.5+15 19.0+£0.1 1.02 +£0.01 9.10+1.43 80+1

8.5 Laminated perovskite solar cells

With the optimized lamination process, stable laminated perovskite solar cells with
remarkable PCEs are processed. For the lamination, optimized parameters: a temperature
of 90°C, a hot-pressing duration of 5 min and a pressing pressure of =50 MPa are used.
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8 Laminated perovskite solar cells

Moreover, a thin PTAA buffer layer is incorporated to enhance electrical and mechanical
contact between to perovskite and HTL interface.

The current density — voltage characteristics of the champion device is displayed in
Figure 8.10a. Compared to previous work on laminated perovskite solar cells with
comparable device architecture using MAPbIs, the champion laminated perovskite solar
cell is 38%rel (Or 4%abs) higher in PCE and demonstrate a PCE of 14.6% [248]. The champion
device exhibits a Jsc of 20.0 mAcm™2, a Voc of 1.04 V and an FF of 70% (see Figure 8.10a).
The improvement in terms of PCE to the previous work mainly is related to the higher FF
due to lower series Rs and higher shunt resistance Rsu. Nevertheless, the electrical
parameters lack still behind record perovskite solar cells, with optimized architectures
[167,168,209].
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Figure 8.10. (a) Current density — voltage characteristics and (b) the EQE with the corresponding reflectance
of the champion laminated perovskite solar cell. (c) Stabilized maximum power point (MPP) tracking for 25°C
and 80°C. (d) MPP tracking with a measured outdoor temperature profile of a silicon module at the hottest
day in Alice Springs (Australia) in 2014 (measured by the Desert Knowledge Australia Solar Center). Adapted
with permission from ref. [218], © John Wiley & Sons.

In particular, the Voc of only =1.04 V and the FF of 70% are not yet optimal and lack
=15-20% behind the record perovskite solar cells processed by spin coating. Moreover, the
comparably low Jsc — also lower than the previously reported value of 22.3 mAcm™2 — of
our laminated perovskite solar cell might be attributed to reflectance losses (see Figure
8.10b) typical for planar all-thin-film layer stacks [15]. To address this, further
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8 Laminated perovskite solar cells

optimizations of the layer thicknesses and front ITO contact has to be performed.
Moreover, to further increase the electrical parameters of the laminated perovskite solar
cells, additional optimizations of the process parameters are needed.

In addition to the high PCE for laminated perovskite solar cells, for the first time, stable
power outputs are reported. Stabilized power outputs are key for assessing realistic power
outputs given the uncertainties that arise from hysteresis effects in perovskite PV [250]. In
this regard, the power outputs are tracked for several minutes (>5 min) and the stabilized
value at the end of the measurements are extracted. Moreover, the long-term (>1 h)
measurements under continuous illumination are performed (see below) to test and verify
the stability of the laminated perovskite solar cells [133].

At 25°C, the champion laminated perovskite solar cell shows a stabilized PCE over 13 h
of 13.4% (see Figure 8.10c). Even after 93 h of MPP tracking, the laminated device exhibits
a stable PCE.? In addition, the laminated perovskite solar cells demonstrate excellent
thermal stability: after 13h of MPP tracking at 80°C, the PCE of the laminated perovskite
solar cell remains constant. This stability against light and temperature stress is very
remarkable and is founded in the use of inorganic CTLs and particularly the replacement
of the organic charge transport layers like spiro-OMeTAD, which is known to degrade at
elevated temperatures above 60°C [15,251-254].

Since not only constant temperatures, but also temperature variations are inevitable
in outdoor operations, the laminated perovskite solar cells are stressed with measured
temperature profiles of solar modules in Alice Springs (Australia) [133,255]. The stabilized
PCE for temperatures ranging from 20°C to 75°C over the course of the day is displayed in
Figure 8.10d. Here, the 24-h temperature profile of the hottest day in the dataset is
reduced to 3 h to accelerate the temperature variations. The laminated perovskite solar
cells confirm a high thermal stability for realistic temperature variations and recover its
initial PCE after the temperature profile. This constant power output of the laminated
perovskite solar cells is truly remarkable considering the reversible loss up to 10%re in the
first =100 h of triple cation perovskite solar cells in an n-i-p configuration [256,257]. In
addition to that, the decrease in initial PCE of the laminated perovskite of =4%: at
elevated temperatures is comparable to carbon-based perovskite solar cells — known for
their superior stabilities [258,259]. However, the laminated perovskite solar cells still have
to compete with currently reported stabilities over 1000 h [258,260,261]. This high stability
against light and temperature stress is hypothesized to stem from the replacement of the
organic CTL like spiro-OMeTAD. In comparison to this, the two inorganic CTLs: SnO; and
NiOx are known to provide good intrinsic chemical stability [15,224,227,228]. Moreover,
the high melting point of the PTAA (>100°C) makes it perfect as buffer layer and ensures
compliance with the IEC standard test conditions [262,263].

2 Note this measurement was performed after putting the device to a lot of thermal and light stress by several
temperature profiles. This explains the slightly smaller PCE of 12.6% compared to initial 13.4%.
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8 Laminated perovskite solar cells

To conclude, the demonstrated high PCE for laminated perovskite solar cells are
encouraging for future research in this field. The approach offers new possibilities that
might support optimizing the architecture or investigate new materials with regard to
improved stability.

8.6 Flexible and semitransparent laminated devices

The laminated perovskite solar cells provide high PCE and a good thermal stability.
Moreover, the lamination process provides new degrees of freedom for processing the
perovskite solar cells. In this regard, also new material combinations and device
architectures can be exploited. From a technological perspective, the lamination of the
two separately processed half-stacks of the perovskite solar cell, enables direct
encapsulation by the two substrates. This supports a new route to directly encapsulate the
perovskite solar cells, which could provide potential barrier properties against oxygen and
moisture [264]. This might be useful, since it can combine fabrication and encapsulation
to a one-step self-encapsulation process without the need for an external adhesive.
Moreover, the lamination enables further investigations on inverted architectures,
avoiding TiO; as front CTL, to enhance robustness against ultraviolet (UV) light-induced
degradation [265].

Another key perspective of perovskite solar cell is the combination in tandem PV as a
top absorber. To demonstrate the versatility of the lamination process and ease of transfer
towards tandem technologies, (a) semitransparent, (b) flexible opaque and (c) flexible
semitransparent perovskite solar cells are laminated. In Figure 8.11 the PCE of the three
different configurations are displayed. The laminated semitransparent solar cell shows a
PCE of 11.5% with a stabilized value of 11.4%. Here, the 80 nm gold electrode is replaced
with a 150 nm thick ITO layer. For the two flexible configurations, a second flexible PEN
foil replaces the rigid glass substrate at the front. The opaque flexible perovskite solar cell
reaches a PCE of 11.3% with a stabilized value of 11.2%. The flexible and semitransparent
device showed a PCE of 8.8%. The reduced PCE in the flexible devices is mainly linked to
the reduced Jsc, which is reasoned in the lower transmittance of the PEN substrate
compared to the glass substrate.

Further advances in device performance are expected in all three configurations by
further optimizations in the lamination process. Nevertheless, the presented lamination
method is encouraging for future research on laminated perovskite PV and in particular
for tandem applications. In this regard, the lamination method can be useful to create self-
encapsulated architectures or even multi-junction perovskite-based solar modules. In case
of multi-junction PV, the half-stack with the perovskite absorber could be laminated
directly on top of a bottom solar cell to construct a two-terminal tandem solar cell.
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Figure 8.11. Current density — voltage characteristics and corresponding photographs of (a) a rigid
semitransparent, (b) an opaque and flexible and (c) a semitransparent and flexible laminated perovskite solar
cell. The laminated perovskite solar cells are made of the following architecture: substrate / ITO / SnO2 /
perovskite / buffer layer / NiOx / electrode / substrate. Adapted with permission from ref. [218], © John
Wiley & Sons.

8.7 Summary

The preceding sections of this chapter describe the findings and results on laminated
perovskite solar cells. The lamination of perovskite solar cells demonstrates an exciting
possibility of a new concept. This paves the way for potential new manufacturing
processes. The separate processing of two half-stacks of the perovskite solar cell offers an
elegant solution to avoid layer incompatibilities in conventional layer depositions
techniques. In this regard, the lamination route enables the access to novel device
architectures and provides a new degree of freedom in the choice of electron and holes
transport layers.

For the first time, the lamination of perovskite solar cells at the perovskite / hole
transport interface is demonstrated and record power conversion efficiencies (PCE) of up
to 14.6% are achieved. Moreover, the presented laminated perovskite solar cell with two
inorganic charge transport layers, prove themselves through long-term and high-
temperature stabilities. The champion device shows a stable power output of =12.7% after
almost 100 hours of maximum power point (MPP) tracking and provides high-temperature
stability for temperatures of up to 80°C. With regard to realistic temperature profiles, the
examined laminated perovskite solar cell recovers to its initial PCE during MPP tracking,
after tested with the measured temperature profile of the hottest day in Alice Springs
(Australia) in 2014.
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The measured constant power output of laminated perovskite solar cells in the first
=100 h is truly remarkable when considering the reversible loss of up to 10%re of
comparable triple-cation perovskite solar cells [256,257]. Moreover, the decrease in initial
power conversion efficiency of the laminated perovskite solar cell of only =4%e at
elevated temperatures is comparable to carbon-based perovskite solar cells - known for
their superior stability [258,259]. Nevertheless, the laminated perovskite solar cells still
need to compete with the currently reported stabilities over 1000 h [258,260,261].

In particular, the remaining issue of the laminated perovskite solar cells are a
comparably low open-circuit voltage and only decent electrical fill factors. Both lack
=15 - 20% behind the record perovskite solar cells processed by spin coating. Nevertheless,
the implementation of the PTAA buffer layer was a big step towards substantially improved
electrical properties. However, further increase of the electrical parameters of the
laminated perovskite solar cells is needed by additional optimizations of the process
parameters. Potential replacements of the thin PTAA layer might be one of the potential
strategies. However, it must first be understood at which interface the most severe
electrical losses currently occur.

Apart from the optimizations necessary to bring the lamination process to the level of
record efficiency of current perovskite solar cells, the lamination also offers another
exciting field of application: tandem photovoltaics. The first test on laminated flexible,
semitransparent and the combination of both are demonstrated and proof their feasibility.
Moreover, the semitransparent and flexible laminated perovskite solar cells show as well
as their opaque competitors stable power outputs.

With regard to tandem applications, similar perovskite half-stack could be processed
and laminated on top of a potential candidate bottom solar cell (e.g. c-Si). In this regard,
the lamination method might be useful to create 2T tandem solar modules. Due to the
superstrate of the perovskite cell being laminated on top, the perovskite/c-Si tandem solar
cell could be directly encapsulated. Therefore, the presented lamination method is
encouraging for future research on perovskite-based tandem photovoltaics and should be
followed up.
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This thesis reports on advanced light management concepts for perovskite photovoltaics
(PV). Distinct concepts are demonstrated to increase the power conversion efficiency (PCE)
and moreover the annual energy yield (EY). In order to ascertain the annual EY, a
simulation framework for EY modeling is developed and applied for the proposed
concepts.

First, microtextures at the air/glass interface are investigated to improve the light-
incoupling, which is important for any PV technology. The microtextures at the front of the
solar module offer to eliminate the air/glass reflection almost completely for normal light
incidence and reduce it by around 80%:.l for oblique incidence angles (e.g. 80°). Applied
on top of planar and textured crystalline silicon (c-Si) solar cells, this increases the PCE by
12%rel and 5%rel, respectively. The concept easily transfers to perovskite/c-Si tandem PV,
where the PCE enhances by 6%r. Due to the excellent angular stability of the
microtextures, this improvement in the PCE is reflected in the EY as well, which is shown
by the EY simulations, where the enhancements in the EY exceeds those of the PCE by
around 2%rel.

Besides the front air/glass interface, the reflectance losses of the front
semitransparent ITO electrodes are improved by nanotexturing the glass/ITO interface.
The nanophotonic ITO electrodes effectively guide the light inside the top perovskite solar
cell, and thus enhance the tandem PCE by 2%... Moreover, strong improvements of 22%e|
in the transmittance of the semitransparent perovskite solar cells are observed in the
nanophotonic devices. Furthermore, the nanotextured electrodes are angular stable and
promise an increase in EY of 10%e in simulations, which is higher than the simulated
improvement in PCE of 9%el.

Further nanophotonic modifications of the perovskite absorber layer itself improves
the absorption near the band gap by coupling the incident light to quasi-guided modes.
The coupling promises enhancements of up to 6%rel in the short-circuit current densities
(Usc), and thus in the PCE. A thermal nanoimprint lithography process is developed to
nanoimprint the perovskite layers, and first experimental results demonstrate
improvements of 2%rel in the Jsc. In addition, the nanophotonic perovskite solar cells
enable a facile way to mitigate the environmentally harmful lead content in perovskite
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solar cells by about 30%el while maintaining the same PCEs. In terms of angular stability,
the nanophotonic perovskite solar cells are equally robust as the planar references and
promise similar enhancements in EY as in PCE.

Finally, a novel manufacturing method for perovskite solar cells is presented, which
enables a facile lamination of the perovskite solar cells. With this, the lamination of the
perovskite solar cell offers flexibility and brings freedom in the choice of charge transport
materials to the perovskite solar cell fabrication. First prototypes demonstrate already
excellent long-term and thermal stability of the perovskite solar cells with PCEs above 14%.
In addition, the presented concept of lamination paves the way for the direct lamination
of perovskite solar cells onto the existing silicon technology, and thus has great potential
for current perovskite-based tandem research.

Comparing the various light management concepts presented, they promise and
demonstrate different potentials. Moreover, each concept finds itself at a different stage
of development. Therefore, the current status, its potential and significance as well as
further ideas are discussed in the following. Moreover, the energy yield modelling and the
lamination, which are no light management concepts are discussed as well.

Energy yield modelling

The energy yield (EY) modelling platform evolved to a robust tool for fast modelling of the
annual EY for complex optical architectures. Realistic irradiance data are modelled and
accurate electrical modelling is performed for the various interconnection schemes of
perovskite-based tandem solar cells. Moreover, numerous one- and two-axis tracking
algorithms as well as static tilts are implemented. Recently, bifacial tandems, self-shading
and a rigorous treatment of three-terminal electrical interconnections have been added
into the feature list.

In terms of potential, the EY modelling is a powerful tool providing fast insights into
current research on existing or new concepts for single- and multi-junction photovoltaics.
Although, the modelling has a high level of complexity, the implementation of the EY
modelling is very fast (i5-8265u processor: <1 min). Moreover, due to the realistic
irradiation data, the detailed electrical modelling and the high temporal resolution,
realistic predictions are possible.

In this regard, the EY simulations will have a significant technological impact, since they
can identify the potential of a multitude of researched architectures, most still in an early
phase of development. Moreover, the EY modelling provides easy access to examine light
management concepts under realistic operation conditions, as it was presented within this
thesis.

Further work should be directed to triple-junction solar modules. Here, the three-
junction perovskite/perovskite/c-Si will be a vital candidate. Moreover, with the evolving
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field of perovskite photovoltaics and exploration of a broad range of band gaps, all-
perovskite multi-junctions will grow in popularity. In addition, since first studies report on
perovskite/c-Si tandem solar cells with non-conformal coverage of the perovskite thin-film
stack on top of the textured c-Si bottom solar cell, further functionalities in the optics
module might be necessary to implement. Finally, the EY framework might be relevant to
forecast solar power generation by coupling solar parks to actual weather forecasts.

Microtextures

In the field of microtextures various ideas have been presented within this thesis. The
fabrication of artificial cones as well as the replication of the biomimetic partners, taken
from leaves and petals, have proven themselves on different photovoltaic technologies,
up to first perovskite/c-Si tandem minimodules (on 4 cm?). Moreover, a first proof of
concept of micro-cones inside the front glass cover of solar modules has been
demonstrated in a collaborative work.

In general, the light management concept based on the microtextures demonstrates
to eliminate reflection of the first air/glass interface, every PV technology suffers from.
Moreover, due to its broadband nature and the strong angular stability, the enhancement
in the EY surpasses the improvements in PCE. However, the actual potential is strongly
linked to the pristine reflection losses. Nevertheless, significant enhancements of the
annual EY by around 7% are foreseen for the perovskite/c-Si tandem solar cells.

Since the microtextures can be applied to any (existing) photovoltaic technology having
a glass or foil-like encapsulation, and in addition provide great improvement potentials,
the cost-benefit ratio appears attractive. Nevertheless, upscaling of the technology first
needs to prove this. Therefore, the next step is the development of an upscaling process
to fabricate large areas of the presented microtextures with high aspect ratios (>0.5). The
choice of texture might even fall on the biomimetic candidates, since due to their natural
disorder they prevent glare effects.

Nanophotonic ITO electrodes

In contrast to the microtextures, the development of nanophotonic ITO electrodes is still
in its infancy. Although, first prototype 4T perovskite/c-Si tandem solar cells are fabricated,
which demonstrate a significant enhancement in the PCE and EY, electrical losses (mainly
in the open-circuit voltage) need to be tackled as well as the upscaling towards relevant
module sizes.

Nevertheless, the optical advantages are huge, since the nanophotonic ITO front
electrodes efficiently suppress reflection losses at the glass/ITO interface (roughly =2%abs).
This boosts the current generation in the perovskite top solar cell and the transmittance
into the bottom c-Si solar cell. Disregarding the electrical losses, the nanophotonic ITO
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electrodes could enhance the PCE by 9% for normal incidence. Moreover, due to the
great angular stability, the enhancement in the EY totals to =10%rel.

Therefore, the nanophotonic ITO electrodes, turn out as excellent and superior
alternatives to single layer antireflection coatings between the glass and transparent front
electrodes. Nevertheless, further optimization of the planar transparent ITO electrode as
well as different electrode materials (e.g. 1ZO, I0H) in terms of optical and electrical
performance needs to be followed up as well. However, simulations with improved
optically transparent electrodes still promise potential improvements by the nanophotonic
ITO electrodes.

Finally, the nanophotonic ITO electrodes might be interesting if inkjet printing of
perovskite solar cells proofs itself for the photovoltaic market. In this regard also the
nanotextures could be inkjet printed on top of the glass superstrate.

Nanoimprinted perovskite solar cells

The first protypes of the nanoimprinted perovskite solar cells demonstrate an improved
current generation and PCE. However, there is still a gap between the simulated
improvements and the experimental realizations, which must be eliminated by further
optimizations in the device fabrication. Especially the application of the hole transport
layer seems to be the crux of the matter. Moreover, the concept is still limited to small lab-
scale dimensions and needs to be developed for larger areas and higher throughput.

In total, the nanophotonic modification of the perovskite absorber by the thermal
nanoimprint lithography promises enhancements in the current generation of up to 6%
and similar enhancements in the annual EY. However, this only holds true for single-
junction perovskite solar cells and breaks down for perovskite/c-Si tandem solar cells, due
to strong losses in the transmittance. Although the enhancements are significant, the
significance for real applications remains to be shown. Further improvements in the device
fabrication need to be achieved to reach simulated enhancements. Although,
nanophotonic perovskite/c-Si tandem solar cells appear unfavorable, other tandem
concepts might be more relevant. In this regard, the bottom solar cell in a
perovskite/perovskite tandem might benefit from nano-patterning of its absorber.

Moreover, the optimized process of the thermal nanoimprint of the perovskite layers
promise to be relevant for other fields of perovskite research as well: e.g. light emitting
diodes or lasers.

Lamination of perovskite solar cells

The work on laminated perovskite solar cells present a novel fabrication method for
perovskite solar cell. The study, however, is still in an early phase of development.
Therefore, the process needs to be further understood and optimized.
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Nevertheless, the lamination is foreseen to have a huge potential. This is due to the
fact that the lamination provides a potential way to process 2T perovskite/c-Si tandem
solar cells and opens up a totally new fabrication route. This is a very promising since it
brings — besides thermal evaporation and solution processing — a third processing method
for the perovskite to be put onto the bottom c-Si solar cells. However, the different
thermal expansion coefficients of currently used PEN foil and c-Si might be challenging and
must be bypassed.

Moreover, further work should be directed to resolve the remaining interface
problems and boost the electrical fill factors towards the levels of the current record
perovskite solar cells. In this regard, optimization of the buffer layer will be most crucial
part. Here, optimizing the currently used PTAA or testing other materials (e.g. PCBM,
PMMA or BABr) as buffer layer should be the two strategies to be pursued.
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A Complex refractive index data
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Figure A.1. Complex refractive index data used for the simulations in this thesis. The data of Spiro-OMeTAD
and TiOz is extracted from ref. [146]. The data for ITOHol13 is extracted from ref. [266]. The data for MgF: is

extracted from [267]. The other data is measured in-house.
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Figure A.2. Complex refractive index data used for the simulations in this thesis. The data for aSi(p), aSi(i),
aSi(n) is extracted from [268]. The data for perovskite with band gap 1.55 eV is extracted from ref. [146]. The
data for the perovskite with a band gap of 1.62 eV is extracted from ref. [166]. The data for the perovskite
with a band gapb of 1.72 eV is extracted from ref. [86]. The data for c-Si is extracted from ref. [269]. The data
for the Al is extracted from ref. [270].
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B Indium zinc oxide as transparent electrode

Replacing the front ITO (here commercial ITO from Luminescence Technology), 1ZO is
developed inhouse. Moreover, the IZO is tested at the rear of the semitransparent
perovskite solar cell to replace the rear inhouse ITO. In Figure B.1 the corresponding
simulations and the optical characterization of first devices are shown. The simulation and
experiments show a very good agreement. Replacing only the front ITO with IZO increases
the overall transmittance by around 15%aps. Replacing only the rear ITO with 1ZO increase
the transmittance by around 8%abs. Replacing both ITO layers with 1ZO demonstrates
improvements up to 20%abs. The increase is due to the better match of the refractive
indices within the layer stack (see below). Moreover, the low imaginary part of the
complex refractive index in the longer wavelengths makes 1ZO suitable for tandem
applications. However, the strong absorption in the UV might lead to reduced absorption
in the perovskite layer and therefore the best choice is to replace the rear ITO by 1ZO.
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Figure B.1. Comparission between indium tin oxide (ITO) and indicum zinc oxide (I1Z0) transparent electrodes
within the perovskite stack. (a) Simulation and (b) experimental results of different ITO and 120
combinations. The simulated layer stacks are as follows: ITO/ITO: Glass / ITOlumtec (135 nm) / SnOz inhouse
(10 nm) / perovskite 1.62eV (460 nm) / Spiro-OMeTAD (250 nm) / ITOinhouseCold (160 nm) / MgF2 (155 nm)
/ Air; ITO/IZO: Glass / ITOlumtec (135 nm) / SnO: inhouse (10 nm) / perovskite 1.62eV (460 nm) / Spiro-
OMeTAD (250 nm) / I1ZO rear (160 nm) / MgF2 (155 nm) / Air; 1ZO/ITO: Glass / ITO front (165 nm) / SnO2
inhouse (10 nm) / perovskite 1.62eV (460 nm) / Spiro-OMeTAD (250 nm) / ITOinhouseCold (160 nm) / MgF>
(155 nm) / Air; 1Z0/1Z0: Glass / ITO front (165 nm) / SnOz inhouse (10 nm) / perovskite 1.62eV (460 nm) /
Spiro-OMeTAD (250 nm) / 1ZO rear (160 nm) / MgF2 (155 nm) / Air.
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C.1 Disordered nanophotonic perovskite solar cells

The periodic nanophotonic perovskite solar cells demonstrated a strong coupling to quasi-
guided modes close to the band gap of the perovskite solar cells. The enhanced Jsc is
validated by experimentally fabricated nanoimprinted perovskite solar cells. Since the
periodic gratings might be subject to angular instabilities, disordered photonic gratings are
also evaluated for their feasibility for TNIL. Moreover, due to the disorder, the spectral
range of coupling might increase.

Afirst proof of concept is displayed in in Figure C.1. Here, the AFM scan of a disordered
imprinted perovskite layer is shown. For the TNIL, a disordered mold is fabricated with the
phase separation method (see section 6.3). The holes inside the perovskite are =80 nm
deep and the mean diameter is =400 nm, which is close to the optimum predicted by the
simulations for the periodic gratings. The geometrical FF of the imprinted holes is
comparably low. However, the completed devices (same architecture as in the previous
chapter), demonstrate an improved Jsc of =3% (see Figure C.1b). The enhanced current is
due to the shift in the absorption of the perovskite. Compared to the planar imprinted
reference, the EQE improves around 700 nm for the nanoimprinted perovskite solar cell
with the disorder texture. However, the PCE of the perovskite solar cells, both planar
reference and nanoimprinted configuration, where rather low =10% and no stabilized PCE
could be obtained.

Therefore, further work has to be directed to optimize the fabrication process for the
disordered nano-gratings, since the initial results of the first prototypes look very

promising.
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Figure C.1. (a) Atomic force microscopy (AFM) image of a perovskite layer with a dissorder grating inside.
The dissorder grating was imprinted via TNIL. The disorderd mold is fabricated with the phase separation
method. (b) External quantum efficiency (EQE) of a disorderd imprinted perovskite solar cell and a planar
imprinted perovskite solar cell.
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C.2 Semitransparent nanophotonic perovskite solar cells

So far, it has been shown that the nanophotonic texture inside the perovskite absorber
layer enhances the absorption and consequently the Jsc of the perovskite solar cells. In
view on perovskite-based tandem PV, the enhancement in semitransparent nanophotonic
perovskite solar cells is analyzed as well. For the semitransparent perovskite solar cells, a
similar layer stack as shown in Figure 7.1 is used. In this regard, the perovskite layer in the
planar reference is set to 370 nm. Moreover, an indentation depth of 180 nm is used for
the periodic holes in the nanophotonic devices. Compared to the opaque perovskite solar
cells, the rear gold electrode is replaced by a 150 nm thick semitransparent ITO electrode.
The refractive index data is summarized in Appendix A.

For geometrical parameters similar to the optimized values of the opaque
nanophotonic perovskite solar cell (P =400 nm, FF = 50%), strong gains of =8%el in the
short-circuit current density in the nanophotonic semitransparent perovskite top solar cell
are found (see Figure C.2). Compared to the planar reference (see Figure C.2a), the
absorptance in the perovskite layer increases for the nanophotonic semitransparent solar
cell. However, the transmittance is decreased in case of the nanophotonic modification of
the perovskite absorber due to the coupling of the incident light to guided modes at longer
wavelengths (see Figure C.2b). This coupling leads to strong parasitic absorption and
therefore decreases the amount of transmitted light.
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Figure C.2. Absorptance and transmittance of an opaque and semitransparent perovskite solar cell. (a) planar
reference and (b) the nanophotonic (nano) configuration with a geometrical FF of 50%, a period of 400 nm
and an indendation depth of 180 nm. The perovskite layer thickness of the planar reference is 370 nm.

For constant indentation depth of the nano-holes of 180 nm, the enhancement in Jsc is
illustrated in Figure for an opaque nanophotonic perovskite solar cell (a) and a
semitransparent nanophotonic perovskite solar cell (b) for different geometric fill factors
(10-70%) and periods (50-500nm). Compared to the opaque solar cell, the
semitransparent nanophotonic perovskite solar cells show a broader optimum with similar
enhancements in the Jsc of 1.6 mAcm™2. Assuming perfect absorption in the bottom solar
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cell of the transmitted light, the equivalent transmitted short-circuit current J&&ans- is
calculated.

The change in JI£3%S- compared to the planar reference is positive only for small periods
and small geometrical FF (see Figure C.3c). Here, the transmittance is enhanced
by 0.5 mAcm™. The Jsc in the top perovskite solar cell is close to the planar reference
(AJsc =0). For the maximum enhancement in the Jsc in the perovskite absorber, the
decrease in transmitted light is =-2.0 mAcm™.

In conclusion, it should be noted that semitransparent nanophotonic perovskite solar
cells are possible, but the possible gain in the total 4T tandem efficiency will be mostly due
to enhanced transmittance and not due to the coupling of incident light to (quasi-guided)
modes in the perovskite absorber layer. For the strong coupling regime, a period of
=400 nm, the loss in transmittance surpasses the absolute gain in Jsc of the top perovskite

solar cell.

(a) (b) (c)

Opaque AJg™ (mAcm™)  Semi-transparent AJFE™® (mAcm™)  Semi-transparent AJi™ (mAcm™)

500 500 500
1.5 1.5 0.0
450 400 400 |
— — —_ -1.0
S S S
= £ 300 £ 300} -
5 400 5 o -2.0
2 o 2
S & 200 & 200f {30
350
-4.0
100 100 =
300 L L -5.0
0.3 0.5 0.7 0.1 0.3 05 0.7 0.1 0.3 05 0.7
geo. FF geo. FF geo. FF

Figure C.3. Gain in the short-circuit current density Jsc for nanophotonic perovskite solar cells with an initial
perovskite layer thickness of 370 nm and an indendation depth of 180 nm. The gain in Jsc is simulated for
various geo. FF and periods. (a) AJsc for an opaque nanophotonic solar cell. (b) AJsc for semitransparent
nanophotonic solar cell and (c) the equivalent AJsc of the transmitted light.
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D Change in energy yield due to optical coupling layer
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Figure D.1. (a) Tandem power conversion efficiency (PCE) and (b) relative increase in the tandem PCE of the
simulated architecture in section 5.6. The tandem PCE increases for inverted pyramids on top of the
perovskite/c-Si tandem solar cell above an aspect ratio (AR) of 0.3. A strong gain (5 -6%) is visible for

AR = 0.5. For glass as optical coupling layer, this gain remains almost constant for larger AR. For air between
the two subcells, the tandem PCE descreses again.
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Figure D.2. Change in the annual energy yield (EY) for microtextures different aspect ratios (AR). The change
in the EY is displayed for the top perovskite, bottom c-Si and the sum of both. The inverted pyramids on top
of the perovskite solar cell with an intermediade (a) a glass layer and (b) air gap. (c) and (d) illustrate the
change in the EY for cones on top of the perovskite solar cell.
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