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Kurzfassung

i

Photovoltaik (PV) ermöglicht die Umwandlung der reichlich vorhan-
denen und unerschöpflichen Sonnenenergie in elektrische Energie. Diese
Technologie geht sowohl den wachsenden globalen Energiebedarf als auch
die Nachfrage, die Treibhausgasemissionen pro erzeugter Kilowattstunde
zu verringern, strategisch an. Diese Versprechen treiben die Forschung
an, um den Wirkungsgrad von Solarzellen zu erhöhen, ihre Produk-
tion zu vereinfachen und die Anwendungsvielfalt zu steigern. Unter
den aufstrebenden PV-Technologien haben sich Perowskit-Solarzellen
(PSC) rasant entwickelt und erreichen bereits ähnliche Wirkungsgrade
wie Silizium-PV. PSC profitieren von den Vorteilen der Dünnschicht-
PV, u.a. minimale Materialanforderungen und die Möglichkeit leichte
und flexible Module zu produzieren – ideal für integrierte PV. Aufgrund
der niedrigen Prozesstemperaturen sinkt der Energieverbrauch bei der
Herstellung, was die energetische Amortisationszeit verkürzt und ihr
Potenzial zur Reduzierung von Treibhausgasen erhöht. PSC werden
nicht nur als Konkurrenten von Silizium gesehen, sondern auch als Part-
ner in Perowskit/Silizium-Tandemsolarzellen. Auf diese Weise können
die grundlegenden Wirkungsgradeinschränkungen aufgrund der begrenz-
ten Nutzung des Sonnenspektrums durch Einfachsolarzellen überwunden
werden, wodurch Wirkungsgrade von über 34% ermöglicht werden.

Der größte Teil der derzeitigen Forschung für Einfach- und Tandem-
solarzellen auf Perowskitbasis fokussiert sich auf Architekturen, die
durch sequenzielle Abscheidung der Dünnschichten hergestellt werden.
Die vorliegende Arbeit erforscht ein neuartiges Herstellungsverfahren
durch Laminierung. Bei dieser Laminierungstechnik werden die PSC
in zwei getrennten Schichtstapeln hergestellt, die anschließend unter
Druck und Temperatur zusammengefügt werden. Die polykristalline
Perowskitschicht rekristallisiert unter diese Bedingungen und an der
Grenzfläche entsteht ein elektrischer Materialkontakt. Durch die entkop-
pelte Verarbeitung der unabhängigen Schichtstapel, bietet diese Methode
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hohe Flexibilität bei der Wahl der Materialien und der Abscheidetechni-
ken der funktionellen Schichten. Zukünftig kann der Laminierungspro-
zess die Erforschung neuartiger Kombinationen von Materialschichten
ermöglichen und den Übergang zu industriellen Herstellungsprozessen
erleichtern. Dadurch trägt diese Technik dazu bei, die verbleiben-
den Herausforderungen Perowskit-basierter Solarzellen zu bewältigen.
Besonderer Fokus liegt hierbei auf der Langzeitstabilität, sowie der
Skalierung der aktiven Flächen auf industriell relevante Größen.

Diese Arbeit widmet sich dem praktischen Verständnis dieses Prozesses
und seiner Anwendung in verschiedenen Konzeptnachweisen von Einfach-
und Tandemsolarzellen auf Perowskitbasis. Experimentelle Studien
heben zunächst den Einfluss des Heißprägens hervor, indem sie eine
deutliche Verbesserung der Perowskit Morphologie und Kristallinität
zeigen. Dieser Rekristallisationsprozess wird durch die Kernparameter
des Heißprägens gesteuert: Temperatur, Druck und Laminierungszeit.
Anschließend demonstrieren konkrete Beispielarchitekturen die neuen
Freiheitsgrade für PSC, die mit Standardherstellungsmethoden nor-
malerweise nicht zugänglich sind. Werden identische Architekturen
konventionell und durch Laminierung hergestellt, weisen sie einen ver-
gleichbaren Wirkungsgrad von bis zu 17.5% auf. Die verbesserte Qua-
lität des Absorbers führt zu einer messbaren Erhöhung der Leerlauf-
spannung und einer erheblich längeren Lagerstabilität für laminierte
Solarzellen von über einem Jahr. Zum Abschluss stellt diese Arbeit die
allerersten Prototypen von monolithisch laminierten Perowskit/Silizium-
Tandemsolarzellen mit stabilen Wirkungsgraden von über 20.0% vor.



Abstract

Photovoltaics (PVs) enable the conversion of abundant and inexhaustible
solar energy into electrical energy. This technology strategically ad-
dresses both a growing global demand for energy and the necessity to
reduce greenhouse gas emissions per produced kilowatt-hour. These
promises drive research to advance solar cell efficiency, facilitate fab-
rication, and increase the range of applications. Among the emerging
PV technologies, perovskite solar cells (PSCs) develop rapidly, achieving
power conversion efficiencies (PCEs) close to the established silicon PV.
PSCs share key advantages with thin-film devices, such as minimal mate-
rial requirements and the possibility to produce lightweight and flexible
modules – ideal for integrated PVs. Additionally, their low processing
temperatures decrease energy consumption during fabrication, lowering
energy payback time and increasing their potential for greenhouse gas
reduction. PSCs are considered not only as competitors to silicon but
also as partners in perovskite/silicon tandem solar cells. This technical
concept overcomes fundamental efficiency constraints of single-junction
devices due to limited use of the solar spectrum, allowing certified PCEs
over 34% to date.

Most current research into perovskite-based single-junction and tandem
devices focuses on architectures fabricated by sequential deposition of
functional thin films. The present work explores a novel manufacturing
method incorporating lamination. This technique involves fabricating
PSCs in two separate layer stacks assembled at a final stage in a hot-
pressing process. Lamination at high temperatures and pressures trig-
gers perovskite recrystallization and creates an electrical contact at the
interface between the half-stacks. Through a decoupled preparation of
independent half-stacks, this methodology offers high flexibility in the
choice of materials and deposition techniques of functional layers. Over
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the next few years, lamination can enable the exploration of novel com-
binations of materials and facilitate the transition to industrial manufac-
turing processes for PSCs. Thereby, this method contributes to overcom-
ing remaining challenges of perovskite-based cells, in particular, stability
over time and upscaling active areas to industrially relevant sizes.

This work is dedicated to the practical understanding of the lamina-
tion technique and its use in various proof-of-concept perovskite-based
single-junction and tandem solar cells. Experimental studies first pro-
vide insights into the hot-pressing process by demonstrating a significant
improvement in perovskite morphology and crystallinity. The temper-
ature, pressure, and lamination duration control this recrystallization
process. Subsequently, new degrees of freedom for PSC architectures are
showcased via concrete example devices, which are usually inaccessible
via standard fabrication methods. If identical architectures are produced
conventionally and by lamination, the PSCs achieve a comparable PCE
of up to 17.5%. The superior quality of hot-pressed absorbers results
in a systematic increase in open-circuit voltage and enhanced shelf-life
stability for laminated devices for more than a year. Finally, the first
prototypes of laminated monolithic perovskite/silicon tandem solar cells
with stable efficiencies exceeding 20.0% are presented.

iv
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1 Introduction

The transition from fossil fuels to energy sources with reduced green-
house gas emissions per Kilowatt-hour produced is a central measure
in restructuring the global energy supply to combat climate change. [1,2]

Photovoltaic (PV) is a mature technological solution that converts abun-
dant solar energy into electrical energy at a steadily decreasing cost. [3]

This versatile technology can be installed everywhere at small or large
scales to support local energy production and is widely adopted for its
noiseless operation and low maintenance requirements. [4–7] As a result,
PV has become one of the pivotal technologies for climate neutrality. For
instance, installed capacity in Germany increased from approximately
2 GWp in 2005 to nearly 100 GWp by the end of 2024. [8] The unit Watt-
peak (Wp) refers to the nominal power output of PV systems measured
under standard test conditions (STC).1 To exhaustively cover energy de-
mand with renewables in Germany and achieve climate neutrality until
2045, around four times more PV capacity must be installed in the near
future. [3] This requirement motivates the development of innovative sys-
tems for integrated PVs installed on existing surfaces, such as buildings
and agricultural areas. [10,11] Meanwhile, current research aims to en-
hance the power conversion efficiency (PCE) of solar cells and facilitate
their production. [12]

Among the new concepts being developed, perovskite solar cells (PSCs)
have emerged as a promising PV technology, experiencing a remarkably
rapid improvement in PCE over the last decade. The best research-cell
PCE surpasses 26% today, comparable to established silicon PVs. [13]

PSCs benefit from advantages of thin-film PV, including minimal mate-
rial requirements and the possibility to fabricate bendable, lightweight,
and semi-transparent solar cells and modules. [14–17] These attributes are

1 STC include a standardized solar spectrum with an irradiance of 1000 W/m2, an
air mass (AM) of 1.5, and a device temperature of 25 °C. [9]
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essential for integrated PV systems, e.g., in windows and mobile applica-
tions. Additionally, low processing temperatures during fabrication limit
required energy, shortening energy payback time and increasing their
potential for reducing greenhouse gas emissions. [18] The high versatil-
ity of perovskite absorbers also allows engineering to achieve remarkable
optoelectronic properties and adjust the bandgap over a wide range of
energy. [19–23] Tunable bandgap energy is a promising feature for applica-
tions in tandem devices, a technology that overcomes fundamental phys-
ical limits of single-junction architectures. [24] This PV concept combines
perovskite absorbers with established technologies such as silicon solar
cells in so-called perovskite/silicon monolithic tandems, which recently
exhibited PCEs above 34%. [25] Nevertheless, challenges remain for the
perovskite PV technology, including i) long-term stability, ii) upscaling
of PSCs, which are mainly investigated at laboratory scale with device
sizes of less than a few squares centimeter, and iii) toxicity of materi-
als like lead-containing compositions and solvents used during fabrica-
tion. [26–30] These challenges might be addressed with suitable material
selections and advanced deposition processes.

Lamination is proposed as a novel fabrication method for perovskite-
based PVs that offer increased degrees of freedom in the choice of ma-
terials, deposition techniques, and architectures. Devices are fabricated
in two independently prepared half-stacks, subsequently united in a hot-
pressing process. Lamination at high temperatures and pressures pro-
motes the recrystallization of the polycrystalline perovskite thin film
and creates an electrical contact at the interface between the half-stacks.
While PSCs are conventionally produced via sequential layer deposition,
lamination decouples the functional layer processing. Typical process-
ing limitations, such as solvent incompatibilities and overheating, are
thus overcome when depositing a material onto another. The possi-
bility to explore novel material combinations and scalable deposition
techniques that are otherwise incompatible, facilitates the transition to
industrial-scale manufacturing processes. Moreover, the perovskite re-
crystallization triggered via hot-pressing can improve its morphology and
crystallinity, enhancing device performance and stability over time. This

2
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method thus offers novel possibilities to address remaining challenges of
perovskite PVs, especially long-term stability and upscaling of active
surfaces to industrially relevant sizes. Extended flexibility in device ar-
chitecture is also promising for fabricating perovskite-based tandem solar
cells. Monolithic perovskite/silicon tandems are special in that regard,
as they involve challenges such as multi-layer designs, light management,
and current-matching requirements for high PCEs. In conclusion, lami-
nation opens up new space for application and optimization in perovskite
PVs. The following research questions are strategically selected:

1. Recrystallization process: How can the quality of perovskite
absorbers, in terms of crystallinity and morphology, be enhanced
by adjusting lamination pressure, temperature, and processing du-
ration while preventing degradation?

2. Device performance: How do improved morphology and crys-
tallinity of perovskite absorbers impact the performance and sta-
bility over time of laminated perovskite solar cells?

3. Application versatility: To what extent is the lamination tech-
nique relevant for supporting research of new materials, deposi-
tion processes, and device architectures in perovskite-based photo-
voltaics?

4. Tandem technology: How suitable is the presented lamination
process for fabricating monolithic perovskite/silicon tandem solar
cells, particularly in addressing multi-layer designs, light manage-
ment, and current-matching requirements among subcells?

This work is dedicated to answering these questions in a detailed and
structured way. Chapter 2 presents fundamentals of perovskite semi-
conductors, PV principles, and technological concepts such as tandems.
Chapter 3 describes methods employed for fabricating and characteriz-
ing thin films and perovskite-based solar cells, with a focus on the lam-
ination process. This chapter also outlines the procedure for assessing
hot-pressed perovskite characteristics. Chapter 4 targets Question 1 by

3
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qualitatively evaluating perovskite recrystallization as a function of ap-
plied pressure, temperature, and processing duration. Crystallinity and
surface morphology are assessed to identify triggers for permanent re-
crystallization in polycrystalline thin films, such as grain growth and de-
creased surface roughness. Meanwhile, perovskite decomposition is mon-
itored to define process windows preventing material degradation. By
examining optoelectronic characteristics of hot-pressed perovskite films
and interfaces with adjacent functional layers, this chapter also provides
insights relevant to Question 2. Chapter 5 addresses this question more
directly by presenting fully laminated single-junction PSCs. The com-
parison with conventionally produced devices highlights intrinsic changes
in light management and achieved performance. Long-term and ther-
mal measurements under continuous illumination characterize the oper-
ational stability of laminated PSCs. Moreover, as described within the
scope of Question 3, various proof-of-concept architectures are presented,
such as semi-transparent devices, paving the way for fabricating tandem
solar cells. In that regard, lamination is shown to offer numerous advan-
tages in fabricating perovskite-based tandems through increased freedom
in material combinations. Chapter 6 explores this feature by demon-
strating the first prototypes of laminated perovskite/silicon monolithic
tandem solar cells as a proof of concept, responding to Question 4. This
chapter also delves into the challenging light management of monolithic
tandems. The focus is on improving the front layers transparency to
enhance light transmission to the absorber and perovskite engineering
to reach a current-matching condition among subcells. Finally, Chap-
ter 7 summarizes key findings of this work and evaluates the extent to
which research questions have been answered. Chapter 8 highlights
perspectives for future developments in laminated perovskite PVs.

4



2 Fundamentals

Theoretical principles and concepts essential for this work are presented
in the following. Crystallographic and optoelectronic characteristics of
perovskite semiconductors are discussed in Section 2.1. The working
principle of solar cells and photovoltaic characteristics are examined in
Section 2.2, with an explicit reference to PSCs. Section 2.3 details the
maximum theoretical efficiency of a single-junction solar cell – imposed
notably by semiconductor physics – and describes a technological concept
that can exceed this fundamental limit: multi-junction PVs.

2.1 Organometal halide perovskite absorbers

2.1.1 Crystallographic characteristics of perovskite
materials

The term perovskite originates from the characteristic ionic crystal struc-
ture in ABX3. [31] Usually described in a cubic unit cell shown in Fig-
ure 2.1, this crystal structure consists of BX6 octahedrons with B cations

A : MA+, FA+, Cs+

B : Pb2+, Sn2+

X : I-, Br-, Cl-

Figure 2.1: Perovskite crystal structure in ABX3 represented in a cubic-unit cell.
Common ions for A, B, and X sites used in absorbers for solar cell application are
given. FA+ and MA+ stand for methylammonium (CH3NH3

+) and formamidinium
(HC(NH2)2+).

5
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and X anions, forming a network with A cations in octahedral vacan-
cies. Ions must fulfill size-ratio constraints to allow the perovskite struc-
ture formation, schematically indicated by different sphere sizes in Fig-
ure 2.1. Two factors determine whether an ion mixture of A, B, and X
can form a perovskite structure depending on the ionic radius: the Gold-
Schmidt tolerance factor (t f) and the octahedral factor (µ), determined
from equation (2.1).

tf = rA+rX√
2(rB+rX)

µ = rB
rX

(2.1)

Where rA, rB, and rX are ionic radii of ions A, B, and X, respectively.
Perovskite crystal structures appear stable if t f approximately ranges
between 0.8 and 1. [31,32] There is also a lower size limit of the BX6

octahedron with a µ>0.4 condition to ensure structural stability.

In perovskite semiconductors designed for PV applications, the A-site
cation generally comprises organic molecules such as methylammonium
(CH3NH3

+, denoted MA+), formamidinium (HC(NH2)2+, denoted
FA+), and inorganic cations, e.g., cesium (Cs+) and rubidium (Rb+).
The B-site cations are typically occupied by lead (Pb2+) and tin (Sn2+).
Common X anions are iodide (I-), bromide (Br-), and chloride (Cl-).
Perovskite compositions can combine several anions and cations with
specific ratios to adjust optoelectronic characteristics. This tunability
is one of the key advantages of the perovskite technology. Materials
with more than one A-site cation are called multi-cation. Prominent
examples are double-cation perovskites Cs0.17FA0.83Pb(I0.92Br0.08)3 and
triple-cation Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3. The term “perovskite”
in this work is a simplified synonym for this material class of organometal
halide perovskites.

Perovskite crystal structures depend on temperature and stoichiometry,
and are determined by the arrangement of cations and anions, resulting
in orthorhombic, tetragonal, and cubic phases. Single-cation perovskite

6



2.1 Organometal halide perovskite absorbers

materials usually suffer from thermal or structural instabilities. The
archetypal methylammonium lead iodide (MAPbI3) perovskite typically
undergoes two phase transitions, one at around -113 °C from orthorhom-
bic to tetragonal structure and a second to cubic at ≈55 °C . [33] FAPbI3
and CsPbI3 compositions also lack structural stability as they can crys-
tallize in a photoactive phase at high temperatures but tend to revert
into a photoinactive, non-perovskite phase at room temperatures. [33–35]

In contrast, cation mixtures generally demonstrate stable structures over
a wide range of temperatures. [34,36] This structural stability is crucial
for applications in the PV field, as solar cells must sustain significant
temperature variations in outdoor operation conditions. Triple-cation
mixtures used in this work with Cs+, MA+, and FA+, crystallizing in
a stable cubic perovskite phase, are particularly promising, yielding a
superior material with high thermal stability for PSCs. [34]

2.1.2 Optoelectronic characteristics of perovskite
absorbers

The suitability of a semiconductor for application as an absorber in a
solar cell depends on its optoelectronic characteristics. A longer diffu-
sion length than the absorber thickness, implying that free charge car-
riers generated in the absorber can move towards contact layers before
recombining, makes good PV materials. A high absorption coefficient
is also advantageous so that a thin absorber layer is sufficient to effi-
ciently absorb the incident light. In addition to reducing the amount
of required material and device weight, thin-film absorbers enable the
fabrication of bendable solar cells, facilitating the integration of PVs in
buildings and mobile applications. [37] Among semiconductors, perovskite
materials exhibit outstanding characteristics that are highly valuable for
optoelectronic components, such as light-emitting diodes (LEDs), las-
ing, and solar cells. [38–40] In contrast to crystalline silicon (Si), which
has an indirect bandgap requiring phonon mediation for the photon ab-
sorption process, perovskites are direct bandgap semiconductors. [41] A
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broad spectrum of bandgaps ranging from 1.1 to 2.3 eV are achieved
through compositional engineering. Replacing the halide ion I- by Br-

results in a wider bandgap, [19,20] and partially or entirely substituting
Pb2+ with Sn2+ narrows it. [21–23] For instance, a bandgap of about
1.55 eV is reported for MAPbI3 compositions, while MAPbBr3 achieves
approximately 2.3 eV. [38,42] This bandgap tunability over a wide energy
range makes perovskites particularly interesting for applications in tan-
dem solar cells.

As a direct bandgap suggests, perovskite absorbers exhibit a high ab-
sorption coefficient, with reported values similar to those in thin-film
PV technologies with gallium arsenide (GaAs) and cadmium telluride
(CdTe), and an order of magnitude higher than in crystalline sili-
con. [38,43] A 220 nm thin MAPbI3 film demonstrated absorption coeffi-
cients exceeding 104 cm-1 in the visible wavelength range. [38] Through
a high absorption coefficient, a thin perovskite layer of a few hundred
nanometers is sufficient in PSCs, which is around three orders of mag-
nitude thinner than standard silicon solar cells. PSCs with absorbers
thinner than 800 nm can thus achieve PCEs exceeding 25%, which is
unprecedented in the history of thin-film PVs. [44–49]

Perovskites are also described as materials with outstanding charge car-
rier diffusion lengths, which have been measured in the micrometer
range, both in single crystals and polycrystalline films. [50] Remarkably,
these optoelectronic characteristics are even retained in the presence of
inhomogeneities such as ionic vacancies, which is interpreted as a high
tolerance to intrinsic defects. [51,52] These superior optoelectronic char-
acteristics, including tunable bandgap, high absorption coefficient, long
diffusion length, and tolerance to intrinsic defects, make perovskite ma-
terials excellent absorbers for solar cells, either in single-junction or in
tandem architectures.

8



2.2 Perovskite solar cells

2.2 Perovskite solar cells

2.2.1 Working principle of perovskite solar cells

Solar cells are a class of optoelectronic devices which utilize the photo-
voltaic effect to convert the energy of incident light into electrical en-
ergy. [53] The following discussion details the basic working principles
of PSC operation. First, the absorption process of incident photons is
described. The second part discusses how the voltage arises from a dif-
ference in the electrochemical potential of charge carriers between the
two contacts. Next, this discussion outlines how the current originates
from the selective extraction of charge carriers at the contact layers,
leading to a directional flow of the charge carriers. The final section
describes the current-voltage relation, including extreme conditions and
the production of electrical power through the simultaneous generation
of current and voltage under illumination and with a connection to an
external load.

The energy conversion process in a PSC is illustrated in Figure 2.2a,
where the perovskite is the intrinsic semiconductor sandwiched between
an electron transport layer (ETL) and a hole transport layer (HTL),
in contact with the respective electrodes. First, an electron from the
valence band is energetically excited by an incident photon and lifted
to the conduction band. This absorption process can only occur if the
photon energy exceeds the semiconductor bandgap: Eγ≥E g. Photons
with lower energy are transmitted through the material.

The generated free charge carriers in the perovskite can be driven by
two principal forces. [54] A gradient in the chemical potential (concentra-
tion gradient) leads to diffusion. A gradient in the electrical potential
(electric field) leads to charge carrier drift. The sum of the chemical and
electrical potential is the electrochemical potential. In a semiconductor
at the thermodynamic equilibrium (in the dark), the electrochemical po-
tential of electrons corresponds to the Fermi level, i.e. the energy level
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Figure 2.2: Incident light energy conversion into electrical energy in a perovskite
solar cell. a) Device illustration with a perovskite absorber positioned between an
electron transport layer (ETL) and a hole transport layer (HTL), both connected to
respective electrodes. (1) The incident photons enter the absorber layer. (2) Creation
of free charge carriers upon photon absorption. (3) Selective extraction of the elec-
trons at ETL and holes at HTL interfaces. (4) Charge carriers transport to respective
electrodes. b) Idealistic band diagram of a perovskite solar cell under illumination
and at open-circuit condition, leading to quasi-Fermi level splitting into a quasi-Fermi
level of electrons (EF,c) and holes (EF,v). Photon absorption results in the excitation
of an electron from the valence band (Ev), lifted into the conduction band (Ec).

with a 50% occupation probability, according to the Fermi-Dirac distri-
bution. In a solar cell under illumination, the semiconductor is brought
out of this equilibrium due to the generation of free charge carriers, so
that the state occupation can no longer be described by a single Fermi
level. Nevertheless, each band can be considered in a steady state, [54]

and the Fermi level splits into quasi-Fermi levels, corresponding to the
electrochemical potential of the electrons in the conduction band (E c),
and the holes in the valence band (Ev). Figure 2.2b illustrates this
quasi-Fermi level splitting. The quasi-Fermi level for electrons (EF,c) is
closer to E c than in the dark due to the increased electron density in
the conduction band. Meanwhile, the quasi-Fermi level for holes (EF,v)
nears Ev due to the increased hole density in the valence band. The
difference between the quasi-Fermi levels is the maximum voltage that
the solar cell can achieve.

The free charge carriers are selectively extracted at the ETL (elec-
trons) and HTL (holes). The interfacial charge transport at the per-
ovskite/ETL interface is optimum when the E c of the ETL is similar or
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slightly lower than that of the perovskite layer. Meanwhile, the Ev of
the ETL must be significantly different than that of the perovskite to
hinder the extraction of holes on this side (dashed arrow in Figure 2.2b).
Conversely, an ideal HTL has a similar Ev compared to that of the per-
ovskite layer and a significant difference in E c. A good energy alignment
is important to reduce non-radiative recombination losses that would de-
crease the quasi-Fermi level splitting. It is noted that contact selectivity
is key to device performance in all types of solar cells, and different
technical solutions have been developed to improve the charge carrier
extraction and prevent recombination losses, e.g., with surface treat-
ments in PSCs, [55] and with tunnel oxide passivation layers in TOPCon
silicon solar cells. [56]

Under illumination and open-circuit conditions, the difference between
the two quasi-Fermi levels of electrons at the cathode (left) and holes at
the anode (right) defines the external open-circuit voltage (V oc). [57] It
is noted that the V oc is reduced by non-radiative recombination losses,
as discussed in Section 3.2.2, and an imperfect selectivity of the contact
layers. Under illumination and short-circuit conditions, the generated
charge carriers are efficiently extracted at CTLs without accumulation
at the conduction and valence bands. In these conditions, the Fermi level
equilibrates across the heterojunction, and the photocurrent reaches its
maximum value, the so-called short-circuit current density (J sc). Under
operational conditions, i.e. illumination and connected to an external
load, the solar cell cell operates between these two extrema (short-circuit
and open-circuit conditions). The product of the generated current and
voltage under operating conditions is the power output of the solar cell.
For an ideal solar cell, the current-voltage relation can be derived from
equation (2.2), considering the generation and recombination rates.

J = e

∫ d

0

(R−G)dx (2.2)

Where J is the current density, d is the absorber thickness, e is the
elementary charge, and x is the position. The generation rate (G) is
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divided into G0 in the dark, and ∆G, corresponding to the absorption
of photons with Eγ≥E g under illumination. The recombination rate (R)
is expressed in equation (2.3).

G = G0 +∆G ; R = R0

(
e

EF,c−EF,v
kBT

)
= R0

(
e

e·V
kBT

)
(2.3)

Where R0 is the recombination rate in the dark, e is the elemen-
tary charge, kB is the Boltzmann constant, and T is the temperature.
EF,c-EF,v is the difference between the quasi-Fermi levels of charge car-
riers in the conduction and valence bands, which corresponds to the
voltage V. In the dark, it becomes evident that R0=G0, so the current
density of equation (2.2) can be written:

J = e

∫ d

0

G0dx ·
(
e

e·V
kBT − 1

)
− e

∫ d

0

∆Gdx (2.4)

Under short-circuit conditions (V=0), the term corresponding to the
short-circuit current density (J sc) can be identified, while the dark satu-
ration current density (J 0) is identified in the dark. The resulting current
density-voltage characteristics of an ideal solar cell thus becomes:

J = Jsc − J0

(
e

e·V
kBT − 1

)
(2.5)

2.2.2 Photovoltaic characteristics of solar cells

The current-voltage characteristics of an ideal solar cell was given in
equation (2.5). A comparison with the Schockley equation for the electri-
cal description of a diode shows that an ideal solar cell can be represented
by an equivalent circuit consisting of a current source in parallel with a
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diode. In the dark, the voltage-dependent current (I-V) corresponds to
the diode current (I diode), following the Shockley diode equation:

Idiode = I0

(
e

eV
nidkBT − 1

)
(2.6)

Where I 0 is the diode saturation current, e is the elementary charge,
V is the voltage, kB is the Boltzmann constant, T is the temperature,
and n id is the ideality factor, which will discussed in Section 3.2.2.

Under illumination, the photocurrent (I ph) generated by the solar cell
is added to the dark current, flowing in the opposite direction:

I = Iph − I0

(
e

eV
nidkBT − 1

)
(2.7)

The resulting I-V curve, which is exponentially related to the voltage, is
graphically shifted by the superposition of the photocurrent. Figure 2.3a
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Figure 2.3: Photovoltaic characteristics of a solar cell. a) Current density - voltage
curve. The output power (P) per area is the product of current density (J) and voltage
(V). The J sc and V oc are defined at zero voltage and zero current, respectively.
The maximum power point (MPP) is achieved when the product of current density
and voltage is maximum. The corresponding current density is denoted JMPP and
voltage V MPP, yielding a power output PMPP. The fill factor (FF) is graphically
described by the ratio of the area (I) – the product JMPP and V MPP – and area
(II) – the product J sc and V oc. b) External quantum efficiency (EQE) of a typical
perovskite solar cell. EQE exponentially decreases to zero for photon energy lower
than absorber bandgap (Eg, corresponding to a wavelength λg). h and c stand for
the Planck constant and the speed of light in a vacuum, respectively.
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displays a typical PSC measurement. Short-circuit current density and
open-circuit voltage are obtained when voltage and current are zero,
respectively. Power output per area (P) is defined as the product of
voltage and current density. The highest power is reached at the so-
called maximum power point (MPP), where the product of current and
voltage is the highest. The power conversion efficiency (PCE) of solar
cells is determined using equation (2.8), the ratio of electrical output
power at maximum power point (PMPP) and incident light power (P in)
per area.

PCE =
PMPP

Pin
=

JMPP · VMPP

Pin
=

FF · Jsc · Voc

Pin
(2.8)

The fill factor (FF) is defined in equation (2.9), where JMPP and VMPP

are the current and voltage at MPP, respectively. Graphically, the FF
is described as the area ratio under the MPP to the product of V oc and
J sc, as illustrated in Figure 2.3a. The FF is lowered by serial resistances
and recombination losses and typically ranges from 70 to 85%.

FF =
PMPP

Jsc · Voc
=

JMPP · VMPP

Jsc · Voc
(2.9)

Where PMPP is the maximum power point at current density JMPP and
voltage V MPP, J sc is the short-circuit current density, and V oc is the
open-circuit voltage.

The external quantum efficiency (EQE), defined as the ratio of the num-
ber of collected electrons (N e) to the number of incident photons (N γ)
in equation (2.10), characterizes the spectral response of a solar cell.

EQE =
Ne

Nγ
(2.10)

A typical EQE measurement of a PSC is shown in Figure 2.3b. The
difference between an ideal EQE reaching 100% and the real device is
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notably due to optical losses (e.g., reflected light at the front surface)
and recombination losses. EQE characterization also enables the J sc

determination using equation (2.11).

Jsc = e

∫
EQE(λ) · ΦAM1.5(λ) dλ (2.11)

Where e is the elementary charge, ϕAM1.5 is the photon flux density at
the standard AM1.5G solar spectrum, and λ is the wavelength.

The simplest equivalent circuit of a solar cell considering series and shunt
resistances is the one-diode model, illustrated in Figure 2.4a. It is noted
that more advanced models can be used, notably the two-diode model,
which includes an additional diode to consider more complex recom-
bination losses. [53] In the one-diode model, the current-voltage (I-V)
characteristics are given by equation (2.12).

I = Iph − I0

(
e

e(V +I·Rseries)

nidkBT − 1

)
− V + I ·Rseries

Rshunt
(2.12)

Where I ph is the photocurrent, I 0 is the diode saturation current, e is the
elementary charge, n id is the ideality factor, kB is the Boltzmann con-
stant, and T is the temperature. Parallel resistance (Rshunt) and series
resistance (Rseries) represent electrical losses in devices caused by shunt
paths and ohmic resistances, respectively. An estimate for Rseries and
Rshunt can be determined from the slope of the I-V characteristics at V=0
(I sc) and at V =V oc (Figure 2.4b), corresponding to equation (2.13). [53]

{
Rseries = − ∆V

∆I

∣∣
V=Voc

Rshunt = − ∆V
∆I

∣∣
V=0

(2.13)

Figure 2.4c shows the influence of an increased Rseries on I-V character-
istics. While V oc and I sc remain unchanged, the FF decreases signif-
icantly. In the case of a lower Rshunt, the FF is significantly reduced,
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Figure 2.4: Consideration of series and shunt resistances in a solar cell. a) Equiv-
alent circuit of a solar cell in the one-diode model. The current output (I ) de-
pends on the generated photocurrent (I ph), diode current (I diode), and parallel cur-
rent (I shunt). b) Estimation of the parallel resistance (Rshunt) and series resistance
(Rseries) from the slope of the current-voltage curve at V =0 (I sc) and V =V oc, re-
spectively. c) Current-voltage characteristics with increasing Rseries and reducing
Rshunt. Both decrease the FF and, thereby, the power output. When Rshunt is sig-
nificantly reduced, the V oc also decreases.

and the V oc is also negatively affected. Low shunt resistances result,
for instance, from short circuits through pinholes in the absorber, at
grain boundaries, and defects in the bulk. High series resistances are
due to limited layer conductivity (e.g., electrodes) and interfaces in the
device architecture.

2.2.3 Device architectures and conventional fabrication
techniques

Predominant architectures in current perovskite research are planar and
mesoscopic PSCs, both demonstrating PCEs exceeding 25%. [45–49,58]

This work focuses on planar PSCs, in which the absorber material is
positioned between a HTL and ETL, in contact with respective elec-
trodes. Two device architectures are distinguished depending on the
illuminated side: Light enters from the ETL side in n-i-p structure (Fig-
ure 2.5a) and from the HTL in p-i-n (Figure 2.5b). The front electrode
must be transparent and typically consists of a transparent conductive
oxide (TCO). In opaque PSCs, the rear electrode is usually a metal layer
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of silver (Ag), gold (Au), or copper (Cu). A TCO can replace the rear
opaque metal contact to obtain semi-transparent PSCs, as illustrated in
Figure 2.5c. The electrode conductivity must be high for an efficient
transport of the charge carriers.

The choice of CTL must consider numerous factors. For the selective
extraction of electrons, a suitable ETL should have a conduction band
aligned to that of the absorber layer, a significant difference in the valence
band energy, a high electron conductivity, and a low hole conductivity,
as discussed in Section 2.2.1. Conversely, a suitable HTL for the selective
extraction of holes should have a valence band aligned with that of the
perovskite, a significant difference in the conduction band energy, a high
hole conductivity, and a low electron conductivity. Beyond their electri-
cal characteristics, the optical transparency of functional layers is critical
for device performance. Light transmission through the front layers must
be high to prevent parasitic absorption and thus maximize photon ab-
sorption in the perovskite. [59–63] Moreover, the device architecture must
demonstrate sufficient thermal and long-term stability to ensure that so-
lar cells maintain a reliable power output under operating conditions.
Indeed, light and temperature can trigger or accelerate degradation pro-
cesses within PSCs. The degradation processes are notably related to
chemical and structural instabilities of the absorber material, such as
ion migration, chemical interactions with adjacent functional layers, or
phase transitions in the temperature range relevant to PV operating
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Figure 2.5: Established architectures for planar perovskite solar cells (PSCs). a) Il-
lustration of the n-i-p structure, where light enters the electron transport layer (n)
first, perovskite (i) and HTL (p). b) Light enters the HTL first in p-i-n architectures.
c) In a semi-transparent PSC, the rear electrode is replaced by a transparent elec-
trode, typically a transparent conductive oxide (TCO).
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conditions. [64] In accordance with established protocols based on inter-
national summit on organic photovoltaic stability (ISOS) procedures,
solar cells are hence subjected to testing under continuous illumination
and at temperatures of up to 85 °C. [64]

Functional layers of a PSC are usually processed on top of each other,
known as “sequential layer deposition” or “layer-by-layer deposition”
techniques. Since these layers are particularly thin (CTLs: a few
nanometers, electrodes: ≈100 nm, and perovskite absorbers: ≈500 nm),
they are not self-supporting and must be deposited on a supporting
substrate. The substrate is typically a rigid glass substrate. However,
technological advancements enabled deposition onto flexible substrates
such as polyethylene terephthalate (PET) foils, facilitating the creation
of flexible and lightweight PVs. [37,65] Functional layers in PSCs are de-
posited using a variety of processes. Established methods are solution-
based and physical vapor deposition, such as the sputtering technique
(for TCOs and inorganic CTLs, e.g., nickel oxide, NiOx) and thermal
evaporation (for metal electrodes and CTLs, e.g. fullerene C60). Most
record PCEs for single-junction devices above 25% are based on spin-
coated perovskites. [66] However, this solution-based coating technique
can only produce perovskite films homogeneously over small areas, often
restricted to a few square centimeters. Scalable deposition methods have,
therefore, received sustained attention in recent research for perovskite-
based PVs, and promising successes were achieved through thermal
co-evaporation, [67,68] inkjet printing, [69,70] slot-die coating, [26,71,72] and
blade coating. [73,74]

A wide variety of deposition methods for PSC fabrication broadens the
range of applications compared to other established PV technologies.
Nevertheless, the architecture-dependent process sequence of individual
layers – either n-i-p or p-i-n – limits the choice of materials and depo-
sition techniques compatible with device fabrication. [75] Some materials
cannot be processed on the perovskite film, e.g., as the absorber or other
sensitive underlying layers would be damaged due to incompatible sol-
vents or excessive annealing temperatures. Thus, although both n-i-p
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and p-i-n architectures are considered equivalent and demonstrate high
PCEs exceeding 25%, [45,46,49] different materials must be used, leading
to distinct functional limitations. [75] Lamination is a promising – yet rel-
atively underexplored – alternative for device fabrication that overcomes
these processing incompatibilities. An overview of state-of-the-art tech-
niques is outlined in Section 5.1. Unlike in standard sequential layer de-
position, lamination involves processing PSCs in two independent half-
stacks, which are subsequently assembled at a final stage. This work
focuses on understanding and exploring the potential of this method,
and corresponding advancements and challenges are discussed in the re-
spective result sections.

2.3 Perovskite-based tandem solar cells

2.3.1 Theoretical efficiency limit of single-junction
solar cells

A fundamental efficiency limit of single-junction solar cells is related to
the band structure of semiconductors. [53] Only photons with sufficient
energy (Eγ≥E g) can interact with the semiconductor in an absorption
process to create electron-hole pairs, as illustrated in Figure 2.6a. Pho-
tons with lower energy are primarily transmitted through the absorber
and do not contribute to the energy conversion process. Although ab-
sorption of photons with higher energy than E g can generate electron-
hole pairs, the excess energy of charge carriers is dissipated as thermal-
ization losses in the form of phonons, i.e. lattice vibrations.

For silicon solar cells (E g=1.12 eV) under the AM1.5G solar spectrum,
approximately 32% and 19% of incident solar radiation power is lost
because of photon transmission and thermalization, respectively. Fig-
ure 2.6b displays the remaining part of the solar irradiance (49%) usable
for electricity production. In the Shockley-Queisser model, quantifying
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Figure 2.6: Photon interaction with a semiconductor absorber material depending
on the photon energy (Eγ). a) Band diagram of a semiconductor with a bandgap
energy (Eg). Ec and Ev stand for conduction and valence band, respectively. Photon
transmission can occur when Eγ<Eg. A photon absorption can create excitons if
Eγ≥Eg. The excess energy when Eγ>Eg is released as thermalization losses in the
form of phonons. b) Spectral irradiance utilization by a silicon solar cell at 1-Sun
(AM1.5G). Photon transmission (red) and thermalization losses (yellow) represent
19% and 32% of the solar power that cannot be converted into electricity. The
usable spectral irradiance for electricity production is colored green. Reproduced
from reference [53].

the maximum theoretical efficiency of single-junction solar cells, this rep-
resents the so-called ultimate efficiency (υ), [76] which can be rationalized
using the maximum current density (Jmax), and maximum achievable
voltage (V max) in equation (2.14).

υ =
Jmax · Vmax

Pin
(2.14)

Where P in is the optical power of the incident light per area. The
maximum current density (Jmax) and voltage (V max) are given in
equation (2.15).

Jmax = e

∫ λg

0

ΦAM1.5(λ)dλ ; Vmax =
Eg

e
(2.15)

Where e is the elementary charge, ΦAM1.5 is the photon flux density at
the standard AM1.5G solar spectrum, and λg is the wavelength corre-
sponding to the bandgap. For a silicon solar cell with E g=1.12 eV, the

20



2.3 Perovskite-based tandem solar cells

Jmax is 44 mA/cm², and V max 1.12 V, leading to an ultimate efficiency
of 49% with an incident power of 100 W/cm². Similarly, for a PSC
with E g=1.63 eV, the Jmax becomes 25 mA/cm², and V max 1.63 V,
yielding u=41%.

In their model, Shockley and Queisser also considered an impedance
matching factor (a.k.a. the fill factor FF, defined in Section 2.2.2) and
the fact that the voltage V max=Eg/e cannot be reached in reality (tem-
perature of the solar cell, T c ̸=0 K). The latter aspect is represented by
the ratio ν=V oc/V max. The maximum theoretical efficiency of a single-
junction solar cell (η), which thus depends notably on E g and T c, can
be written: [76]

η = ts · u · FF · ν (2.16)

Where ts is the probability that a photon with Eγ>E g produces an
electron-hole pair (ts=1 under the assumptions listed below). The
detailed-balance limit of efficiency is 32.6% for silicon solar cells
(E g=1.12 eV) under test conditions (T c=298 K, AM1.5G solar spec-
trum) and 29.6% for PSCs with a bandgap of 1.63 eV – used in this
work. [77] It is noted that the Shockley-Queisser model builds on several
assumptions: i) 100% absorption of photons with Eγ≥E g, ii) 0% ab-
sorption of photons with Eγ<E g, iii) each photon absorption yields one
electron-hole pair, iv) ideal selectivity of the contact layers with neg-
ligible ohmic resistance, and v) no non-radiative recombination losses.
Introducing non-radiative recombination reduces the maximum achiev-
able efficiency. [76,78] In this regard, models estimate an efficiency limit
of 29.5% for 100 µm thick silicon solar cells when including, e.g., Auger
recombination and parasitic free carrier absorption. [78,79] Additional ef-
fects, such as resistive, optical, and non-fundamental recombination
losses, further restrain the practical efficiency of real devices. [80]

Numerous techniques have been explored to overcome the fundamen-
tal efficiency constraint of single-junction solar cells. [40,81–83] An estab-
lished concept to overcome the detailed-balance limit consists of stacking
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solar cells with different bandgaps in so-called multi-junction devices.
Today, this technology already achieved PCEs exceeding the single-
junction limit with more than 34% in monolithic perovskite/silicon tan-
dem solar cells. [25] Through reduced thermalization losses, the maximum
theoretical limit increases with the number of absorber layers to 42% (for
two), 49% (for three), and 68% (for an infinite number of absorber lay-
ers). [24] Combined with a light concentrator, the highest efficiency of a
multi-junction architecture with an infinite number of layers theoreti-
cally improves to up to 86%. [24]

2.3.2 Principle and architectures of tandem solar cells

Multi-junction PV is an established concept for reducing fundamental
loss mechanisms in single-junction devices, thereby exceeding the previ-
ously detailed Shockley-Queisser limit. [84,85] This technology combines
two or more solar cells with different bandgaps. [53] In tandem devices,
the top cell of bandgap E g-top can absorb photons with high energy
(Eγ≥E g-top) for charge carrier generation and transmit the photons with
longer wavelengths to the bottom cell, which has a narrower bandgap
(E g-bottom<E g-top). The multi-junction device architecture allows for
less i) transmission losses in the top cell through the additional absorp-
tion of photons with an energy below E g-top in the bottom cell, and
ii) thermalization losses in the bottom cell due to the absorption of high-
energy photons in the top cell. Solar irradiance is more efficiently used
than in a single-junction architecture, increasing available solar energy
for conversion into electrical energy. [86]

Two types of devices currently dominate research in tandem PVs: the
four-terminal architecture and two-terminals, also referred to as mono-
lithic devices. [87] While subcells in the first case are only optically cou-
pled (e.g., superposed) and individually operated, they are optically and
electrically connected in series in monolithic tandems. Both architec-
tures are illustrated in Figure 2.7. The total PCE of four-terminals
corresponds to the sum of individual subcell PCEs. In a monolithic
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2.3 Perovskite-based tandem solar cells

Four-terminal tandem solar cell(a)

TCO

(b)Monolithic tandem solar cell

TCO

TCO

Vis IRUV

Rear electrode

Wide Eg top subcell

Narrow Eg bottom subcell

Rear electrode

TCO

Junction

Figure 2.7: Typical tandem architectures, combining two subcells of wide and nar-
row bandgap (Eg). a) Four-terminal architecture, where subcells are superposed for
optical connection and individually operated. Front electrodes of both subcells are
usually made of transparent conductive oxide (TCO). b) Monolithic tandem archi-
tecture consisting of two subcells optically and electrically connected in series via a
junction layer. In both architectures, ultraviolet (UV) and visible light (Vis) are effi-
ciently absorbed in the top cell, while infrared photons (IR) are primarily absorbed in
the bottom cell. Charge carriers are represented with colored circles (e.g., electrons
in blue and holes in pink).

tandem solar cell, since subcells are connected in series, the current flow-
ing in the device is limited by the lowest current of both subcells, and
subcell voltages add up. Subcells are connected through a junction layer,
where charge carriers from the top cell (e.g., electrons) recombine with
the other type (holes) from the bottom cell. This junction layer is typ-
ically a 10 to 20 nm thin TCO electrode or a tunnel diode for reduced
parasitic absorption losses. [88–92]

Each technology presents advantages and disadvantages in fabrication
and operation. [93] On the one hand side, four-terminals benefit from
the independent optimization and manufacture of both subcells. In
monolithic devices, where the front cell is directly grown atop the bot-
tom one, challenges remain in the subcell fabrication to preserve the
already deposited layer stack, resulting in limitations in device archi-
tectures. [94] Current-matching requirements for optimal operation also
restrict suitable bandgap combinations in monolithic devices compared
to four-terminal architectures. [95] In addition, since each subcell is ef-
ficiently operated with individual MPP tracking systems, four-terminal
devices are less sensitive to spectral variations of outdoor illumination
compared to monolithic tandems. [96] On the other hand, despite the
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simplicity in manufacturing and operation, four-terminals require dou-
bling electronic components, increasing the associated installation costs
compared to monolithic tandems. [93,97] As a result, balance-of-system
costs increase, negatively impacting the levelized cost of energy (LCOE)
of the final installation. Moreover, optical coupling in four-terminal
tandems involves more layers than monolithic devices, including an air
gap or filling materials between subcells and an additional TCO film. [98]

The transparent electrodes between subcells must be thicker or neces-
sitate the introduction of metal grids for efficient charge carrier trans-
port. [99] These requirements reduce the transmitted light to the bottom
cell, highlighting challenges in achieving optimal optical coupling.

The tunability of the perovskite bandgap over a wide energy range from
1.1 to 2.3 eV through compositional engineering allows for numerous ma-
terial combinations. [19–23] A bandgap above 1.5 eV is suitable for the top
PSC in a tandem device with crystalline silicon and copper indium (gal-
lium) selenide (CuIn(Ga)Se2, denoted CI(G)S) bottom cells. [97] With
a lower perovskite bandgap, the PSC can function as a low-bandgap
bottom cell. All-perovskite tandems can thus be fabricated using pure
Pb (wide E g-top) and mixed Sn-Pb (narrow E g-bottom) compositions in
the top and bottom cells. [100] Calculation of the theoretical tandem ef-
ficiency as a function of top and bottom bandgap shows that optima
can be found in the bandgap combination. [97] Generally, a top per-
ovskite bandgap near 1.7 eV appears ideal for silicon and CI(G)S bot-
tom cells. [87,96,97,101,102] Certified PCEs of 23.1% and 25% were achieved
in monolithic and four-terminal tandems, respectively. [103] Both mono-
lithic and four-terminal perovskite/silicon tandem solar cells recently
demonstrated PCEs of over 30%, exceeding the highest certified effi-
ciency of 27% for single-junction silicon solar cells. [104] Monolithic de-
vices even overcome the maximum theoretical efficiency limit for single-
junction devices with PCEs exceeding 34%. [13] Ultimately, monolithic
perovskite/CI(G)S tandem solar cells were investigated, enabling high ef-
ficiencies, and flexible and lightweight PV. [105] Perovskite/CIS tandems
notably exhibited PCEs approaching 25% and 30% in monolithic and
four-terminal architectures, respectively. [106,107]
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3 Experimental methods

This chapter details methods and processes involved in producing and
characterizing perovskite-based solar cells in this work. Section 3.1.1
outlines device architectures with a particular focus on laminated PSCs
and tandems. Functional layer materials, thicknesses, and deposition
techniques are described in Section 3.1.2. Methodologies for hot-pressed
perovskite investigation and device fabrication are presented in Sec-
tion 3.1.3. Finally, characterization methods for thin films (Section 3.2.1)
and solar cells (Section 3.2.2) are discussed, notably the measurement of
current density-voltage characteristics of PSCs.

3.1 Fabrication methods

3.1.1 Device architectures of laminated
perovskite-based solar cells

Single-junction perovskite solar cells

Reference PSCs consist of front and rear electrodes, CTLs, and a per-
ovskite absorber. Functional layers are deposited on a 1 mm thick
and (16x16) mm large glass substrate coated with a front TCO of in-
dium tin oxide (ITO). The HTL comprises NiOx and a self-assembled
monolayer of [2-(9H-Carbazol-9-yl)ethyl]phosphonic acid (2PACz). The
absorber layer deposited on the HTL has a triple-cation composition:
Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3. After perovskite processing, a
double ETL of C60 (C60) and bathocuproine (BCP) is deposited. Edges
of the front ITO electrode are exposed by swiping the perovskite using
γ-butyrolactone (GBL, Merck). An Au electrode is deposited on the
layer stack to complete the device. Figure 3.1a illustrates the device
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layout. Front and rear electrode overlap defines four active areas with a
p-i-n architecture of approximately 10.5 mm².

Functional layers in laminated PSCs are deposited in two independent
half-stacks, as displayed in Figure 3.1b-c. The front half-stack comprises
the glass/ITO substrate, front CTL, and perovskite absorber. After ex-
posing ITO edges by swiping the perovskite, Au stripes (denoted “metal
contacts” in Figure 3.1b) are deposited. The rear electrode and CTL
are deposited on (16x16) mm large polyethylene naphthalate (PEN)
foils, which are subsequently cut into (16x14) mm superstrates. The
half-stack overlap defines four active areas of about 10.5 mm² on each
substrate. Cutting PEN foils smaller than glass substrates creates ac-
cess to both front and rear electrodes, enabling laminated devices to be
measured as conventional PSCs. Table 3.1 summarizes materials and
architectures employed in this work. Laminated opaque PSCs have the
same p-i-n architecture as the reference PSCs described above, except for

Table 3.1: Material selection and architectures of laminated perovskite solar cells.
Triple-cation perovskites are employed as absorbers for all devices, except in Sec-
tion 5.3.1, where a double-cation perovskite is used. ST stands for semi-transparent.

Section 5.2.1 Section 5.2.2 Section 5.2.3 Section 5.3.3
to Section 5.5

Architecture Opaque ST ST Opaque

Orientation n-i-p p-i-n n-i-p p-i-n

Substrate Glass Glass Glass Glass

Front electrode ITO ITO ITO ITO

Front CTL SnO2-np NiOx, 2PACz SnOx, C60 NiOx, 2PACz

Absorber Perovskite Perovskite Perovskite Perovskite

Rear CTL PTAA, NiOx C60, SnOx 2PACz, NiOx C60, BCP

Rear electrode Au ITO ITO Au

Superstrate PEN foil PEN foil PEN foil PEN foil
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3.1 Fabrication methods

the additional PEN foil that remains atop the device, offering a possible
encapsulation function.

The Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 triple-cation perovskite is
used in laminated and reference PSCs. A Cs0.17FA0.83Pb(I0.92Br0.08)3
double-cation absorber is also employed in Section 5.3.1. Section 5.2.1
presents an n-i-p architecture combining inorganic CTLs. Tin dioxide
nanoparticles (SnO2-np) are used as ETL, and the HTL comprises NiOx

and poly(triarylamine) (PTAA). In semi-transparent PSCs, ITO trans-
parent electrodes replace Au rear contacts. NiOx and 2PACz are em-
ployed as double HTL. C60 and tin oxide (SnOx) are used as double ETL.

Monolithic perovskite/silicon tandem solar cells

Laminated monolithic perovskite/silicon tandems are composed of a
top PSC and a double-side polished heterojunction silicon (SHJ) so-
lar cell provided by Forschungszentrum Jülich GmbH. The silicon so-
lar cell has the following architecture: ITO (30 nm ) / a-Si: H <n>
layer (≈4 nm ) / a-Si: H <i> (≈4 nm ) / c-Si wafer <n> (280 µm)
/ a-Si: H<i> (≈6 nm) / a-Si: H <p> (≈12 nm) / ITO (70 nm). Device
layouts are illustrated in Figure 3.1c. After lamination, the rear ITO
electrode is manually covered with silver paste (Acheson 1415, Plano
GmbH). The front stack is prepared on a superstrate (PEN foil or ultra-
thin glass), where TCO and CTL are deposited. Three TCO types are
investigated in this work: ITO, indium zinc oxide (IZO), and hydro-
genated indium oxide (IO:H). Orientations of tandem devices in p-i-n
or n-i-p depend on whether light enters first the HTL or ETL of the
PSC, respectively. This convention implies that a p-i-n single-junction
PSC becomes an n-i-p subcell in monolithic tandems. In both cases, a
double HTL of NiOx and a self-assembled monolayer of 2PACz is em-
ployed as HTL, and a double layer of C60 and SnOx is used as ETL.
In Sections 6.3.3 and 6.3.4, a passivation layer of lithium fluoride (LiF)
is thermally evaporated on the C60 to reduce interfacial recombination.
The triple-cation perovskite is either deposited on the front or rear half-
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Figure 3.1: Architectures and layouts of perovskite-based solar cells. a) Conven-
tionally fabricated, and b) laminated perovskite solar cells. c) Laminated monolithic
perovskite/silicon tandems with an active area of 14 mm², and d) 1 cm². The red
frame highlights the active area of a solar cell. Exemplary materials are indicated.
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3.1 Fabrication methods

stack. Its composition is either Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3
or Cs0.05(MA0.23FA0.77)0.95Pb(I0.77Br0.23)3 depending on the target
bandgap: 1.63 and 1.68 eV, respectively. Table 3.2 summarizes materials
and architectures used for laminated monolithic perovskite/silicon tan-
dem solar cells. For the first proof-of-concept experiment in Section 6.2.1,
di[2-chloro-p-xylylene] (Parylene C dimer) is additionally deposited on
superstrate edges (not on the active area) to reinforce half-stack adhesion
and prevent delamination after fabrication. Two layouts for laminated
monolithic tandem devices were developed. The first type consists of
four 14 mm² small active areas per SHJ substrate (Figure 3.1c). The
second type exhibits a single, 1 cm² large active area on each substrate
(Figure 3.1d). An additional Au metal grid (three fingers, each 150 µm
wide and 200 nm thick) is evaporated on the front TCO in large tandems
to improve conductivity. In both layouts, superstrates are larger than
the SHJ solar cell to enable contacting the front TCO after lamination
for measurement.

Table 3.2: Material selection and device architectures for laminated per-
ovskite/heterojunction silicon (SHJ) monolithic tandem solar cells. In Section 6.3.2,
IO:H, ITO, and IZO are used as transparent conductive oxide (TCO).

Section 6.2 Section 6.3.2 Section 6.3.3 Section 6.3.4

and 6.3.4

Active area 14 mm² 14 mm² 1 cm² 1 cm²

Architecture n-i-p n-i-p n-i-p p-i-n

Superstrate PEN foil 30 µm glass 30 µm glass 30 µm glass

Front electrode ITO TCO IO:H, Au grid IO:H, Au grid

Front CTL SnOx, C60 SnOx, C60 SnOx, C60 2PACz, NiOx

Passivation Ø LiF LiF LiF

Perovksite 1.63 eV 1.63 eV 1.63/1.68 eV 1.68 eV

Rear CTL 2PACz, NiOx 2PACz, NiOx 2PACz, NiOx SnOx, C60

Junction layer ITO ITO ITO ITO

SHJ subcell n-side up n-side up n-side up p-side up
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3.1.2 Thin-films deposition methods

Deposition techniques, material providers, and resulting thin-film thick-
nesses of functional layers are presented in this section. Processing
conditions are maintained unchanged independently of the underlying
layer stack and are, therefore, the same for conventional and laminated
perovskite-based solar cells.

Super- and substrate preparation

Substrates used for hot-pressed perovskite investigation and PSC fab-
rication are 1 mm thick glasses coated with 140 nm ITO. The ITO
layer of 15 Ω/sq sheet resistance is patterned via photolithography by
the manufacturer Luminescence Technology Corp. (Lumtec), ensuring
a precise electrode layout. For opaque laminated PSCs, a PEN foil of
type TEONEX Q65HA provided by DuPont Teijin Films is used as a
superstrate. Superstrates of 125 µm thick PEN foils with a 300 nm
thick ITO coating from Peccell Technologies Inc. are used for semi-
transparent laminated PSCs and tandem devices. The sheet resistance
is similar to glass/ITO substrates with 15 Ω/sq. ITO etching is per-
formed by defining the desired ITO pattern with protective masks and
immersing PEN/ITO foils for 7 min in hydrochloric acid (HCl, 37% con-
centration in water, VWR). The 30 µm ultra-thin glass superstrates of
type AF32 eco in laminated tandems are provided by Schott AG. All su-
perstrates and silicon solar cells are thoroughly cleaned after cutting in
ultrasonic baths of acetone (VWR) and isopropanol (VWR) for 10 min
each. Additionally, glass and PEN/ITO substrates are treated immedi-
ately before the deposition of subsequent functional layers in oxygen (O2)
plasma at a power of 100 W for 3 min in a Femto plasma cleaner (Diener
Electronics).
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3.1 Fabrication methods

Opaque and transparent electrode deposition

In conventionally processed and laminated perovskite-based solar cells,
Au (Junker Edelmetalle) opaque electrodes (75 nm), contacts (50 nm),
and fingers (200 nm) are thermally evaporated through 150 µm thick
shadow masks in a Vactec B.V. vacuum system. Depositions are per-
formed at a rate of 1 Å/s and a process pressure of about 2·10-6 mbar.
Front TCO electrodes in laminated tandems are sputtered with a Pro
Line PVD 75 from Kurt J. Lesker company. Three TCO types are
investigated in this work: ITO, IZO, and IO:H (Kurt J. Lesker com-
pany). Substrates are neither actively cooled nor heated during sputter-
ing. Shadow masks of 150 µm thickness are used to define the electrode
layout. Table 3.3 summarizes deposition parameters for each TCO. The
resulting ITO layers are about 150 nm thick with 19 Ω/sq sheet resis-
tance after annealing for 15 min in an ambient atmosphere at 250 °C
(initially 53 Ω/sq). The IZO thickness is approximately 150 nm, and the
as-deposited sheet resistance of 66 Ω/sq is reduced to 48 Ω/sq after an-
nealing for 30 min at 200 °C in nitrogen (N2) atmosphere. IO:H layers ex-
hibit a thickness of about 220 nm and sheet resistance of 25 Ω/sq. An an-
nealing step was unnecessary to improve the IO:H conductivity or optical
characteristics. Optical characterizations of the three TCOs are provided
in Figure 3.4 as exemplary transmittance and reflectance measurements.

Table 3.3: Sputtering conditions of ITO, IZO, and IO:H materials. All depositions
are performed in constant current mode.

Deposition
time

Source
voltage

Source
power

O2 flow Ar/H2
flow

Pressure

ITO 2200 s 325 V 50 W 0.3 sccm 13 sccm 0.8 mTorr

IZO 682 s 130 V 190 W 0.2 sccm 17 sccm 1.1 mTorr

IO:H 4850 s 320 V 50 W 1.6 sccm 28 sccm 1.6 mTorr
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Charge transport layers and passivation layer deposition

For the ETL of SnO2-np, a 15% aqueous colloidal SnO2 dispersion so-
lution (Alpha Aesar) is diluted with deionized water to a final concen-
tration of 2%. The solution-based deposition onto ITO substrates is
conducted by spin-coating at a rotation speed of 4000 rpm for 30 s.
Samples are subsequently annealed at 250 °C for 30 min in an ambi-
ent atmosphere. The resulting SnO2-np layers are approximately 20 nm
thick. C60 (Sigma Aldrich), BCP (Lumtec), and LiF (Sigma Aldrich)
materials are thermally evaporated in a Vactec Coat 320 (Angstrom En-
gineering) at a chamber pressure of about 2·10-6mbar. The deposition
rate is 0.2 Å/s to achieve final layer thicknesses of approximately 20 nm
C60 and 5 nm BCP. The 1 nm LiF passivation layer is deposited at a
rate of 1 Å/s. Rotating substrates are neither actively cooled nor heated.
The SnOx deposition is performed via atomic layer deposition (ALD) in a
Picosun R-200 Advanced (Picosun) with tetrakis(dimethylamido)tin(IV)
(TDMASn, Strem) precursors and H2O as a reactant. Depositions are
conducted at 80 °C and count 300 cycles of 1.6 s TDMASn exposure,
followed by a mixed Argon (Ar) and N2 gas purging for 12 s, and 0.1 s
H2O exposure, followed by Ar/ N2 purging for 16 s. Samples are then
annealed in an N2 atmosphere for 60 min at 100 °C. The deposited SnOx

layer thickness is approximately 35 nm, as measured on a silicon wafer.

For the HTL of PTAA (EM ex Korea Index), 0.8 mg is dissolved in
1 mL toluene (Sigma-Aldrich). Thin films of PTAA are deposited by
spin-coating at a rotation speed of 5000 rpm for 30 s and subsequently an-
nealed at 100 °C for 10 min in an N2 atmosphere. NiOx layers (≈20 nm)
are deposited via sputtering using Pro Line PVD75 from Kurt J. Lesker
Company under radio frequency (RF) conditions at a power of 100 W
with a 17 sccm Ar flow and at a process pressure of 1 mTorr. Substrates
are neither actively cooled nor heated during deposition. Self-assembled
monolayers of 2PACz (TCI) are deposited via solution-based processing.
The precursor solution is prepared by dissolving 4 mg of 2PACz in 8 mL
ethanol absolute (VWR). A thin layer of 2PACz is deposited by spin-
coating at 3000 rpm rotation speed for 30 s with 1000 rpm/s acceleration
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rate, followed by an annealing step at 100 °C for 10 min in an N2 atmo-
sphere. Before 2PACz deposition on NiOx, substrates are pretreated in
an O2 plasma for 30 s at 30 W using a Femto plasma cleaner (Diener
Electronics).

Solution-based perovskite processing

The triple-cation perovskite Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 is
prepared according to Saliba et al., [34] with following precursors: cesium
iodide (CsI, Alfa Aesar), methylammonium bromide (MABr, GreatCell
Solar), formamidinium iodide (FAI, GreatCell Solar), lead iodide (PbI2,
TCI) and lead bromide (PbBr2, TCI). Two precursor solutions are pre-
pared: i) 390 mg CsI is dissolved in 1 mL of dimethyl sulfoxide (DMSO,
Sigma Aldrich), and ii) 172 mg FAI, 22.4 mg MABr, 507 mg PbI2 and
73.4 mg PbBr2 are dissolved in 1 mL solvent mixture of dimethylfor-
mamide (DMF, Sigma Aldrich) and DMSO in a 4:1 volume ratio. After
complete dissolution, 88.9 µL of solution (i) is transferred into solu-
tion (ii). The final precursor solution is deposited on substrates using
a two-step spin-coating method: first 1000 rpm for 10 s, then 6000 rpm
for 20 s. The acceleration rate is 5000 rpm/s for both steps. After
13 s of the second step, 100 µL or 400 µL of chlorobenzene antisolvent
(CB, Sigma Aldrich) is released on the rotating (16x16) or (25x25) mm
substrate, respectively. Samples are subsequently annealed at 100 °C for
1 h in an N2 atmosphere. The achieved perovskite film demonstrates a
thickness of about 370 nm and a bandgap of 1.63 eV.

Cs0.05(MA0.23FA0.77)0.95Pb(I0.77Br0.23)3 triple-cation perovskites exhibit
a thickness of approximately 550 nm and a 1.68 eV bandgap. Two pre-
cursor solutions are prepared for a 1.53 mol/L molarity: i) 390 mg CsI
is dissolved in 1 mL of DMSO, and ii) 558 mg PbI2 is dissolved in 1 mL
solvent mixture of DMF/DMSO in a 4:1 volume ratio. Solution (ii) is
heated at 130 °C for 30 min. After complete dissolution, 50 µL of so-
lution (i), 191 mg FAI, 38 mg MABr, and 137 mg PbBr2 are added to
solution (ii). The final precursor solution is deposited on substrates using
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a two-step spin-coating method: first 1000 rpm for 10 s with an acceler-
ation rate of 2000 rpm/s, then 5000 rpm for 30 s with 2000 rpm/s. After
17 s of the second step, 150 µL or 450 µL of ethyl acetate antisolvent
(AE, Sigma Aldrich) is released on the rotating (16x16) or (25x25) mm
substrate, respectively. Samples are then annealed at 100 °C for 30 min
in an N2 atmosphere.

The double-cation perovskite Cs0.17FA0.83Pb(I0.92Br0.08)3 exhibits a film
thickness of about 800 nm and a bandgap of 1.58 eV. A precursor solu-
tion is prepared with 622 mg PbI2 and 64 mg PbBr2 dissolved in 1 mL
DMF/DMSO solvent mixture with a 4:1 volume ratio and heated at
130 °C for 30 min. After complete dissolution, 200 mg FAI, 62 mg CsI,
and 8 mg urea (Sigma Aldrich) are added. The final precursor solu-
tion is deposited on substrates using a two-step spin-coating method:
first 200 rpm for 2 s, then 2000 rpm for 30 s. The acceleration rate is
2000 rpm/s for both steps. After 12 s of the second step, 150 µL of AE
antisolvent is released on the rotating (16x16) mm substrate. Samples
are then annealed at 100 °C for 25 min in an N2 atmosphere.

Additional functional layer deposition

In the proof-of-concept laminated monolithic perovskite/silicon tandem
solar cells (Section 6.2.1), the device front side is coated with a mag-
nesium fluoride (MgF2, Sigma Aldrich) layer. This 125 nm thick anti-
reflective coating is deposited via thermal evaporation in a Vactec Coat
320 (Angstrom Engineering) with a deposition rate of 0.2 Å/s and at
a chamber pressure of about 5·10-6 mbar. Parylene C dimer (Specialty
Coating Systems) is deposited via vapor deposition polymerization in a
Labcoter1, PDS 2010 system (Specialty Coating Systems). The dimer
is sublimated, and pyrolytic cleavage is triggered at 690 °C. The result-
ing monomer polymerizes in an approximately 30 nm thin layer at room
temperature in the vacuum chamber.
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3.1.3 Lamination and hot-pressing processes

In this work, the lamination technique refers to uniting two individu-
ally prepared layer stacks by applying high pressures and temperatures.
The hot-pressing process promotes perovskite recrystallization and cre-
ates an electrical contact at the interface between the half-stacks. This
method is introduced to fabricate single-junction PSCs and monolithic
perovskite/silicon tandem solar cells. The hot-pressing technique is also
used to investigate perovskite recrystallization, providing insights into
achieved material quality – morphology, crystallinity, and optoelectronic
characteristics. For both applications, the machine and process sequence
detailed in the following are identical.

Hot-pressing setup

Hot-pressing processes are conducted in an in-house developed hydraulic
press named “Wum 2” and build in cooperation with Jenoptik Mikrotech-
nik (Figure 3.2a). The system is equipped with an oil heater and water
cooling system. Although both plates (116 mm in diameter) are heated
and cooled down during the process, only the bottom plate temperature
is recorded and regulated within a ±2 °C range around the target value.
Although the machine is located in ambient air, the sample and plates are
enclosed in a vacuum chamber, which is evacuated to about 1·10-3 mbar
and filled with N2 several times. These purge cycles remove oxygen and
moisture from the chamber atmosphere, thereby preventing perovskite
degradation during the hot-pressing process. Pressure is applied on the
sample by moving the lower plate until contact with the fixed upper
plate. The set pressure is calculated as measured force divided by the
smallest surface in the layer stack.
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Hot-pressing process

Figure 3.2b illustrates two exemplary hot-pressing processes at 80 °C
and 120 °C. The heating rate is 10 °C/min, independent of the target
temperature. In contrast, the cooling rate increases with temperature:
-10 °C/min when cooling from 80 °C and -12 °C/min from 120 °C. These
machine-specific rates imply that hot-pressed samples at 120 °C stay
5 min longer in the machine than at 80 °C. For consistency, processing
duration refers to the period when pressure and temperature are applied
simultaneously. Height process steps are distinguished for the exemplary
lamination at 120 °C. After placing half-stacks and stamp on the bot-
tom plate, the chamber closes. Pressure augments because the chamber
springs are compressed (1). Heating starts in step (2) while the lower
plate is lifted at 2 mm/min to a few millimeters away from the sam-
ple. Contact with the sample is made at a slower speed of 0.5 mm/min,
yielding a sudden pressure increase (3). In step (4), the vacuum cham-
ber is pumped down and flushed with N2 several times (three cycles) to
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Figure 3.2: Insights into the hot-pressing process. a) Photograph of the hydraulic
press used for hot-pressing and lamination: i) indicates the upper plate position,
ii) vacuum chamber (currently open), and iii) lower plate. b) Typical hot-pressing
processes at 80 °C (in grey) and 120 °C (in blue) under 100 MPa for 5 min. Applied
pressure is shown in solid lines, while the temperature is displayed in dashed lines.
Height steps are distinguished for the process at 120 °C. c) Detail of the first four
steps, which correspond to closing and cleaning the chamber atmosphere. Step 5 is
the heating phase. Steps 6 to 7 denote the effective hot-pressing duration, where
temperature and pressure are simultaneously applied. The process is completed after
releasing pressure and cooling to 40 °C (step 8).
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3.1 Fabrication methods

remove moisture and oxygen. The pressure is kept constant until the
target temperature is reached (5). Afterward, the lower plate is driven
to apply 100 MPa for a given time, here 5 min (from steps 6 to 7). After
cooling the sample to 40 °C (8), the lower plate is moved downwards,
releasing pressure, and the chamber opens. A complete process from the
heating to the cooling phase is performed in 20 to 25 min, depending
on the target temperature. The corresponding lamination program is
detailed in Table 9.1, Appendix. All hot-pressing and lamination pro-
cesses performed in this work follow this procedure, and only the three
parameters of pressure, temperature, and duration are adjusted.

Sample and stamp position during hot-pressing processes

The stamp position and half-stacks on the lower plate must be adjusted
for each hot-pressing application, including the fabrication of laminated
PSCs and tandems. Positioning half-stacks upwards or downwards must
be considered to facilitate their alignment, although pressure distribution
is identical in both cases. Therefore, the largest half-stack is typically
placed on the lower plate. Figure 3.3 summarizes the configurations for
hot-pressed perovskite, laminated PSCs, and tandems. A (14x14) mm

16 mm

Si
Teflon
PEN foil

15 mm

b) Laminated PSC

Si solar cell

PEN foil
ITO

15 mm
c) Laminated tandem

Front half-stack

Rear half-stack

Stamp (planar)

Si
Teflon

Perovskite

Glass

a) Hot-pressed
    perovskite

30 mm16 mm

15 mm
B

A

B

B

AA

Figure 3.3: Sample positioning between the lower and upper plates of the hydraulic
press. a) For hot-pressed perovskites on glass substrates, a Teflon-coated silicon stamp
is positioned atop the absorber layer. b) For laminated perovskite solar cells (PSCs),
the stamp is placed atop the PEN foil superstrate. c) For laminated perovskite/silicon
tandems, the modified silicon solar cell and a stamp of PEN/ITO foil are placed atop
the glass superstrate.
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piece of silicon wafer with an anti-adhesive coating of polytetrafluo-
roethylene (PTFE, referred to as Teflon) is used and removed after-
ward to investigate hot-pressed perovskites. This silicon stamp offers
a clean, perfectly flat surface, enabling homogeneous pressure distribu-
tion. It must be smaller than the (16x16) mm glass substrate. Other-
wise, the stamp bends, and pressure cannot be applied to the sample
center. The Teflon anti-adhesive coating layer prevents perovskite from
sticking to the silicon stamp. For laminated PSCs, half-stacks build-
ing on a (14x15) mm PEN foil and the (16x16) mm glass substrate are
first positioned atop each other, then a (15x16) mm Teflon-coated sil-
icon wafer is placed atop the PEN foil. The stamp must be slightly
larger than the flexible PEN foil to avoid inhomogeneous pressure distri-
bution. For laminating perovskite/silicon monolithic tandem solar cells,
the half-stack building on a (25x30) mm glass superstrate is placed on
the lower plate, followed by the (25x25) mm modified silicon solar cell
and (15x15) mm PEN/ITO stamp, covering the (10x10) mm active area
in the sample center.

3.2 Characterization methods

3.2.1 Characterization of thin films

Atomic force microscopy

Atomic force microscopy (AFM) is performed with a NanoWizard II
from JPK Instruments AG to visualize the as-deposited and hot-pressed
perovskite surface morphology. Measurements are performed in an in-
termittent contact mode, where the cantilever oscillates close to its res-
onance frequency. The tip deflection related to the surface topology is
monitored through reflection on a photodetector of a laser beam pointed
at the cantilever. Piezoelectric elements regulate the cantilever height
over the sample surface to maintain a constant oscillation amplitude.
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3.2 Characterization methods

The spatially resolved measurement with a resolution of a few nanome-
ters thus allows the root mean square (RMS) roughness and grain size of
perovskite surfaces to be determined. Images, typically (5x5) µm large
with a resolution of (1024x1024) pixels, are processed with Gwyddion
software. All RMS roughness values given in this work are calculated on
an (3x3) µm area. Statistical grain size analysis is conducted using Im-
ageJ software. The Feret diameter approximates grain size as the longest
distance between two points along the selected boundary. The measure-
ment uncertainty related to sample-to-sample variations is ±10 nm, as
determined according to ISO/IEC 98-3:2008-09 guidelines. [108] For in-
stance, pristine perovskites (as-deposited) exhibit a mean grain size of
(270±10) nm.

Ultraviolet-visible spectroscopy

Optical characterization of thin films and solar cells is conducted in a
PerkinElmer LAMBDA 1050 spectrophotometer equipped with an inte-
grating sphere of 150 mm diameter and a dual light source of deuterium
and tungsten halogen lamps. The studied spectral range extends from
ultraviolet and visible wavelengths to near-infrared. PSCs are typically
characterized from 300 to 850 nm, and perovskite/silicon tandem solar
cells from 300 to 1250 nm, with a 5 nm step size. For transmittance
or reflectance measurements, the device under test is placed in front
of the integrating sphere on the optical path or rear side, respectively.
Transmitted or reflected light from the sample is collected inside the
integrating sphere and monitored by a Si/InGaAs photodiode detector.
Figure 3.4 displays typical optical characterizations of in-house sputtered
TCOs before and after a post-deposition annealing step. High tempera-
tures of 250 °C trigger ITO recrystallization, yielding decreased parasitic
absorption at short wavelengths. The absorptance (A) is indirectly de-
termined from reflectance (R) and transmittance (T) measurements at
each wavelength λ using equation (3.1).

A(λ) = 1−R(λ)− T (λ) (3.1)
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Figure 3.4: Optical characterization of transparent conductive oxides deposited on
glass. a) Characterization of ITO, b) IZO, and c) IO:H. R, T, and A stand for re-
flectance (orange), transmittance (blue), and absorptance (black), respectively. Mea-
surements before and after annealing are depicted in dashed and solid lines. This
method highlights that an annealing step significantly improves the optical charac-
teristics of the ITO layer.

X-ray diffraction

X-ray diffraction (XRD) measurements are conducted in a Bruker sys-
tem (D2Phaser) with a copper K-α source. X-rays with a wavelength
of 1.5405 Å are directed onto the sample, and an adjustable detector
measures the angle-dependent diffraction with a 0.01° step size within a
2θ range from 10 to 35°. In materials with a periodic lattice, construc-
tive interference – and thus reflection of the X-ray – occurs if the Bragg
condition given by equation (3.2) is fulfilled.

nλ = 2d sin(θ) (3.2)

Where n is a diffraction order, λ is the wavelength, d is the distance
between two parallel diffraction planes, and θ is the glancing angle. A
typical measurement of a triple-cation perovskite thin-film coated on
a glass/ITO substrate is shown in Figure 3.5. Peaks corresponding to
the ITO layer at 21.4° and 30.4° are identified from an XRD measure-
ment on a bare glass/ITO substrate and are consistent with the litera-
ture. [109] The predominant perovskite peak at 14.2° is attributed to the
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Figure 3.5: X-ray diffraction pattern of glass/ITO and glass/ITO/perovskite sub-
strates before and after hot-pressing in the 2θ range from 10 to 35°. The predominant
peak at 14.2° is attributed to the preferred crystallographic plane orientation (001) of
the perovskite material. Circles highlight the peaks corresponding to the ITO layer.

preferred crystallographic plane orientation (001), indexed in the cubic
space group (Pm-3m). [33,110,111] XRD measurements are performed to
detect perovskite decomposition after the hot-pressing process, which
would be indicated by the emergence of additional peaks not present
initially. Furthermore, the material crystallinity is investigated by an-
alyzing the dominant peak intensity and full width at half maximum
(FWHM). An increased peak area (e.g., higher intensity and narrower
peak) is interpreted as enhanced perovskite crystallinity. [112–115] Sec-
tion 4.2 investigates these aspects, comparing XRD measurements per-
formed on pristine and hot-pressed perovskites. Measurement uncer-
tainties related to sample-to-sample variations are ±0.012° in the peak
position, and ±0.168 in the peak area (arb. unit), as determined accord-
ing to ISO/IEC guidelines. [108] Variations within these intervals are not
further interpreted.
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3.2.2 Characterization of solar cells

External quantum efficiency

The external quantum efficiency (EQE) provides insights into the spec-
tral current generation in a solar cell. EQE measurements are per-
formed with a Bentham PVE300 photovoltaic characterization system.
The monochromatic light is assembled from a dual xenon/quartz halo-
gen light source and is modulated by an optical chopper at a 575 Hz
frequency. This chopping frequency is filtered in a lock-in-amplifier to
distinguish the signal to be measured from background noises (e.g., am-
bient light). Measurements are performed with an integration time of
750 ms and a 5 nm step size. The aperture size, defining the light spot
size, is (0.74x0.74) mm for solar cells with a small active area of around
10 mm² and (1.5x1.5) mm for laminated tandems with a 1 cm² large
active area. For monolithic perovskite/silicon tandem measurements,
subcells are individually measured with an adapted bias light: The PSC
signal is measured with an 800 nm LED, while the silicon solar cell is
measured with a 450 nm LED and a white light source. When the bot-
tom cell EQE signal is noisy, measurement data are smoothed using the
Savitzky-Golay method. Integrated J sc values remain unaffected.

A typical EQE measurement of a single-junction PSC from 300 to 850 nm
is illustrated in Figure 3.6a. EQE exponentially decreases for longer
wavelengths than 750 nm, as the photon energy is insufficient for ab-
sorption in the perovskite to create excitons. This feature allows for
determining the absorber bandgap from the EQE inflection point. [116]

Figure 3.6b shows the EQE first derivative. The perovskite bandgap is
taken as the Gauss fit center, here 1.63 eV. Measurement uncertainties
due to sample-to-sample variations are estimated at ±0.004 eV according
to ISO/IEC guidelines, [108] and variations in this range are not further
interpreted. EQE characterizations also enable the J sc determination
using equation (2.11). Integrated J sc over the wavelength range is dis-
played in Figure 3.6a.

42



3.2 Characterization methods

0

20

40

60

80

100

E
Q

E
 (

%
)

J s
c 

(m
A

/c
m

²)

0

10

20

15

5 E
Q

E
 f

ir
st

 d
er

iv
at

iv
e

300 400 600 700 800
Wavelength (nm)

500 1.50 1.55 1.65 1.70 1.75
Energy (eV)
1.60

Opaque
Semi-transparent

(a) (b)

Figure 3.6: External quantum efficiency (EQE) of perovskite solar cells. a) Typi-
cal EQE characterization performed on opaque (green) and semi-transparent (pink)
devices. The EQE signal increases from 600 to 750 nm in opaque solar cells due
to photon recycling through reflection on the opaque rear electrode. Integrated J sc
(dashed lines) reaches 20.1 and 18.7 mA/cm² in opaque and semi-transparent ar-
chitectures. b) First derivative of EQE plotted over photon energy. The perovskite
bandgap (1.63 eV) is taken as the Gauss fit center.

In addition, EQE spectral measurements support the analysis current
losses in laminated monolithic perovskite/silicon tandem solar cells.
Wavelength-dependent EQE characterizations allow a certain depth res-
olution through the layer stack. Because the absorption coefficient in
a semiconductor increases with photon energy, short wavelengths are
predominantly absorbed in the perovskite front surface. In contrast,
longer wavelengths penetrate to the solar cell rear side. EQE, ideally as
close as possible to 100%, is reduced by optical losses such as reflected
light on the device front side or transmitted light. In semi-transparent
PSCs, photons are partially transmitted through the device, decreasing
the EQE. In opaque devices, photons are reflected at the rear metal
electrode, acting as a mirror. These recycled photons are predominantly
absorbed deep in the perovskite film, enhancing EQE in the infrared
spectral range compared to semi-transparent devices, as highlighted in
Figure 3.6a. Additional factors reducing EQE are discussed in this work
related to the absorber thickness and parasitic absorption in functional
layers, e.g., in front electrodes and CTLs.
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Current density-voltage characteristics

Current density-voltage (J-V) characteristics measurement enables the
determination of solar cell characteristics: PCE, FF, J sc, and V oc.
Measurements are performed in a Newport 91194-1000 solar simulator
equipped with a xenon lamp (Osram Licht AG). Solar cells are charac-
terized in an N2 atmosphere, at room temperature (≈25 °C) and under
1-Sun, corresponding to the global standard AM1.5G spectrum with an
integrated power density of 1000 W/m². Measurement conditions cor-
respond to the protocol IEC 60904. The light output is calibrated using
a certified KG5 filtered and non-filtered silicon reference solar cell from
Newport Company for PSCs for single-junction and tandem devices, re-
spectively. All J-V characteristics are obtained in both backward (bw:
V oc → J sc) and forward (fw: J sc → V oc) in the voltage range from
-0.2 to 1.2 V at a scan rate of 300 mV/s for PSC and from -0.2 to
2 V at 600 mV/s for tandems, respectively. PCE, FF, J sc, and V oc

are extracted from J-V characteristics in the backward scan direction.
For clarity, only backward measurements are shown when several J-V
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Figure 3.7: Maximum power point (MPP) tracking of perovskite solar cells.
a) Figure-of-merit for characterizing long-term stability. The initial PCE value
(PCEinitial) is taken after turning the light on. b) Applied voltage during MPP
tracking. The voltage is varied by ±0.01 V (Pvoltage) in 0.1 s intervals (Pdelay). The
software calculates the corresponding power for all three points and sets the voltage
with the highest power. The current is then measured at this position five times
(sampling), and the average value is retained. These steps are repeated every second
(Pfrequency) during the MPP tracking.
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characteristics are compared in a figure. Masks are used for J-V mea-
surements to reduce uncertainties in the active area of laminated devices
resulting from, e.g., a minute change in the half-stack overlap during the
hot-pressing step. When PSCs are compared with different architecture
in Section 5.2.3, a 7.07 mm² mask is used, and in Sections 5.2.2 and 5.4,
when laminated PSCs are compared with references, a 5.6 mm² mask is
employed. Large tandems presented in Section 6.3 are measured through
a 1 cm² mask. In this work, solar cell characteristics are displayed in
box-whisker diagrams. In these graphs, the standard deviation (SD) of
data points is represented by a box, in which the median is shown as a
solid line and the mean value as a circle. Whiskers indicate minimum
and maximum values.

MPP tracking measurements are conducted using the same setup as J-V
characterizations, in an N2 atmosphere, at room temperature (≈25 °C)
and under 1-Sun. MPP tracking is performed for at least 5 min to
determine the stabilized power output of solar cells. Extended measure-
ments of up to 100 hours are also conducted to investigate the long-term
stability of laminated PSCs under continuous illumination. For MPP
measurements over several hours, the device temperature is regulated
in an in-house developed sample holder equipped with a microcontroller
and a Peltier element for cooling and heating. This sample holder is also
used for measurements at 80 °C. The figure-of-merit for characterizing
the long-term stability of solar cells in this work is shown in Figure 3.7a.
During MPP tracking, the applied voltage is regularly varied by ±0.01 V
for 0.3 s each, and the best achieved PCE every second is retained, as
illustrated in Figure 3.7b.

Photoluminescence quantum yield

Photoluminescence quantum yield (PLQY) measurements are conducted
to determine implied open-circuit voltage (V oc,imp) of perovskite thin
films and PSCs. Measurements are performed in an integrating sphere
(LabSphere) of 15 cm diameter with an LD-515-10MG green laser from
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Roithner Lasertechnik as a light source. The transmitted, reflected,
or remitted light collected within the sphere is guided with an optical
fiber into an AvaSpec-ULS2048 × 64TEC spectrophotometer (Avantes
Compagny). The spectral response is calibrated using a HL-3plus-INT-
Cal calibration lamp from Ocean Optics. Three measurements are per-
formed, [117] starting with quantifying the excitation intensity collected
in the empty integrating sphere. A second measurement is conducted
with the sample under direct illumination, positioned at 15° relative to
the excitation beam to prevent specular reflectance toward the entrance
port. A third measurement is performed with indirect illumination of
the sample to consider repetitive sample excitation from diffuse reflected
light in the integrating sphere. All measurements are performed in am-
bient air with a maximum of 30% relative humidity.

PLQY measurements allow intensity-dependent calculations of the
V oc,imp according to procedures outlined by Krueckemeier et al. [116]

and Stolterfoht et al. [118] PLQY is the ratio of emitted photon flux
ϕemitted and the absorbed photon flux ϕabsorbed. Equation (3.3) can also
be formulated as the ratio of integrated current densities J rad (radiative
current density) and J ph (photogenerated current density at 1-Sun).

PLQY =
Φemitted

Φabsorbed
=

Jrad
Jph

(3.3)

Jph depends on the number of absorbed photons and typically corre-
sponds to the J sc (around 20 mA/cm² for standard PSCs). [119] J rad is
calculated from equation (3.4).

Jrad = J0,rad e
eVoc,imp

kBT (3.4)

Where e is the elementary charge, kB is the Boltzmann constant, and
T is the temperature of the solar cell. The radiative saturation current
density J 0,rad is calculated with equation (3.5), integrating the photon
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flux density emitted by a blackbody (ϕBB) at the temperature T and the
external quantum efficiency (EQE) over the wavelength (λ).

J0,rad = e

∫
EQE(λ) · ΦBB(λ) dλ (3.5)

The resulting equation (3.6) for V oc,imp calculation finally distinguishes
the radiative open-circuit voltage limit (V oc,rad) from the non-radiative
recombination loss term.

Voc,imp =
kBT

e
· ln

(
PLQY Jph

J0,rad

)
= Voc,rad +

kBT

e
· ln(PLQY ) (3.6)

V oc,rad, given in equation (3.7), corresponds to the maximum voltage
achievable, assuming that all recombination processes are radiative and
that every luminescent photon escapes the solar cell (PLQY=100%).

Voc,rad =
kBT

e
· ln

(
Jph
J0,rad

)
(3.7)

Intensity-dependent PLQY measurements also enable n id determination,
indicating the dominant recombination mechanism within the solar cell.
The n id is derived from the slope of a logarithmic fit of V oc,imp as a func-
tion of light intensity. Previous reports highlighted the dependency of n id

and recombination mechanisms in perovskite bulk and at interfaces. [55]

A n id reduction towards 1 generally correlates with the dominance of
radiative recombination, while an increase to 2 indicates the dominance
of non-radiative recombination.
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Photoluminescence imaging

Photoluminescence (PL) images are acquired using an in-house setup
developed by Ternes et al. to visualize device degradation over time. [26]

This work compares PL images of PSCs measured after preparation
(t=0) and after 130 days of storage to identify signs of degradation –
notably the emergence of inhomogeneous areas. The complete stability
study is detailed in Section 5.5. For PL measurements, PSCs are ex-
posed from the glass side to an LED of 467 nm wavelength (DL2 by
CCS Inc.) for 5 s. Measurements are performed in ambient air. A
Quantalux sCMOS camera (Thorlabs), equipped with a 780 nm long-
pass filter (FGL780S, Thorlabs) to filter the excitation light out, mon-
itors the PL signal. This setup allows measurements of 100 cm² large
areas with a high spatial resolution of (1000x800) pixels in a few seconds.
An exemplary PL image of a PSC is displayed in Figure 3.8. The images
illustrates how the overlap of Au and ITO electrodes defines four active
areas (10.5 mm²) on the glass substrate.
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Figure 3.8: Photoluminescence (PL) imaging on perovskite solar cells (PSCs). a) Il-
lustration of the rear side layout, and b) the front side. Au and ITO layers are colored
yellow and grey, respectively. c) Photograph, and d) PL imaging of a PSC. The red
frame highlights one of the four active areas on the substrate. The solar cell in the
bottom left is shunted (low intensity), and defects (dots) appear visible on the right
side from the PL imaging.
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The perovskite absorber quality plays a pivotal role in device perfor-
mance. Accurate knowledge of the film thickness, surface roughness,
grain size, crystallinity, and optoelectronic properties is thus essential
to design efficient PSCs. This chapter aims to quantify the improved
quality of hot-pressed absorbers as a function of applied temperatures
and pressures, and to determine the suitable process window for pre-
venting material degradation. In this context, physical (crystallinity,
film thickness, and surface morphology) and optoelectronic (bandgap,
implied open-circuit voltage, and ideality factor) characteristics of hot-
pressed perovskites are compared with as-deposited thin films. Experi-
mental results provide insights into absorber recrystallization, enabling
future optimization of highly efficient laminated PSCs.
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4.1 Introduction

This chapter focuses on determining to what extent applying elevated
temperatures and pressures improves perovskite quality in terms of crys-
tallinity and morphology. Thresholds are highlighted to trigger recrys-
tallization, and a suitable process window is determined by identifying
parameter limits (e.g., in temperature) that should not be exceeded to
prevent degradation. Section 4.2 provides insights into the perovskite
structure via XRD. These measurements enable both assessing absorber
crystallinity and detecting possible material decomposition. Section 4.3
quantifies grain growth and roughness reduction observed in hot-pressed
polycrystalline absorbers. Since the layer thickness is also susceptible to
change due to the high pressure, this hypothesis is examined through
a sequential lamination of perovskite films in Section 4.4. Ultimately,
Section 4.5 evidences enhancements in optoelectronic characteristics of
the hot-pressed perovskite and its interface with subsequently deposited
functional layers.

State-of-the-art hot-pressing techniques for perovskite absorbers

The hot-embossing technique is an established technology for microstruc-
turing thermoplastic materials by replication, [125–127] and finds applica-
tions in optoelectronic fields. [39,122,128] Some fabricate self-cleaning cov-
ers with imprinted microcones, providing a hydrophobic surface that
prevents soiling of solar modules. [129] Others produce textured solar cell
covers, e.g., to advance light harvesting by using surface microstructures
imitating petal surfaces (biomimetic). [130] During the past few years,
(hot-)pressing also attracted particular attention in the perovskite tech-
nology. Figure 4.1 illustrates three post-deposition techniques for per-
ovskite materials.

Thermal nanoimprint lithography (NIL) consists of patterning a poly-
crystalline perovskite material with nanostructures (Figure 4.1a). The
absorber recrystallizes due to the applied heat and pressure, yielding
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Figure 4.1: Three exemplary post-deposition treatments for perovskite materials
using (hot-)pressing techniques. a) Thermal nanoimprint lithography process. The
thin-film absorber is patterned with a textured stamp during a hot-embossing step.
b) Perovskite powder pressed into pellets. A pressure-induced sintering can occur
between grains, yielding a compact film. c) Hot-pressing of two perovskite layers.
Material sublimation is triggered at high temperatures, allowing for anion exchange in
an enclosed space. This sublimation process results in a newly recrystallized absorber
after cooling.

an improved crystal structure with fewer surface defects. Such nanopat-
terned layers were reported in optically-pumped lasing, [39,131–134]

PSCs, [135] LEDs, [136] and photodetectors. [137] In addition, PSCs con-
taining nanoimprinted perovskite film demonstrated enhanced light trap-
ping by incident light diffraction at the textured interface, resulting in re-
duced reflectance losses. [114,135,138] Another utilization of pressing tech-
niques involves compacting perovskite powder into pellets (Figure 4.1b).
The formation of sinter necks between grains evidenced a pressure-
induced sintering process, allowing the fabrication of millimeter-thick
absorber layers (also called wafers). [139] These wafers were used as ac-
tive layers for efficient X-ray detectors in optoelectronic devices, [140]

and as targets for physical-vapor-based perovskite depositions, e.g.,
in sputtering techniques. [141,142] Figure 4.1c shows a third application
where two perovskite layers are hot-pressed together. Material subli-
mation was triggered at temperatures of about 150 °C, allowing anion
exchange in a confined space, leading to a newly recrystallized thin
film after cooling. [143,144] High-quality absorbers were thus achieved, re-
sulting in highly efficient PSCs with PCEs exceeding 22%. [144] Lower
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temperatures were also investigated (≤120 °C), and the laminated per-
ovskite/perovskite interface was improved in this case by partially dis-
solving the perovskite surfaces with chlorobenzene or acetonitrile prelim-
inarily. [112,145,146] This solvent-assisted hot-pressing process significantly
reduced void defects at the interface, yielding PSCs with up to 22.5%
of PCE. [145]

Determining perovskite recrystallization during hot-pressing
processes

This work aims to provide insight into a hot-pressing technique that
mimics lamination conditions. The process initiates recrystallization in
a conventionally deposited perovskite thin film by simultaneously apply-
ing high pressures and temperatures in an in-house developed hydraulic
press. Three main phases are outlined in Figure 4.2a:

I. Samples undergo heating via machine plates;

II. Pressure is applied when the target temperature is reached;

III. Once the target duration has elapsed, samples are cooled, and
pressure is released.

The process follows a typical hot-embossing sequence for thermoplas-
tics, [125–127] and NIL. [39,122,133–135] This sequence is also compatible with
roll-to-roll or roll-to-plate applications, where heating occurs before ap-
plying pressure, followed by a nearly instantaneous pressure release and
cooling. [147] The three key parameters – temperature, pressure and du-
ration – regulate the perovskite recrystallization. It is noted that an
increase (or decrease) in the target temperature results in a longer (or
shorter) treatment due to machine-specific heating and cooling rates, as
detailed in Section 3.1.3. For consistency, hot-pressing duration refers
to the period when target temperature and pressure are simultaneously
applied (phase II). In contrast to state-of-the-art sublimation techniques,
temperatures investigated here are lower than 150 °C, which broadens
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Figure 4.2: Illustration of the hot-pressing process as conducted in this work.
a) Typical hot-pressing procedure showing pressure (blue) and temperature (red)
over time. Three phases are distinguished: heating (I), hot-pressing (II), and cooling
phase (III). In this example, a pressure of 100 MPa is applied for 5 min on a 90 °C
heated thin-film perovskite absorber. b) Perovskite substrates are hot-pressed with a
flat silicon (Si) stamp between the lower and upper plates of the hydraulic press. The
anti-adhesive Teflon coating facilitates the stamp separation from the absorber sur-
face. The machine is equipped with a vacuum chamber and N2 flushing system to per-
form the process in an inert atmosphere, thereby preventing perovskite degradation.
c) Exemplary photographs of pristine and hot-pressed perovskites. The (11x11) mm
area under the stamp appears darker after hot-pressing the (16x16) mm sample, in-
dicating perovskite recrystallization. The white scale bar corresponds to 4 mm.

the range of compatible materials and facilitates the process, primarily
relying on solid-state layers. Hot-pressing of perovskite films is typically
performed in this work at 90 °C, under 80 MPa for 5 min.

Insights into the absorber recrystallization process are essential to un-
derstand and optimize laminated PSCs. Perovskite thin films are hot-
pressed with a flat silicon stamp (contrary to NIL techniques using tex-
tured stamps), as illustrated in Figure 4.2b. Subsequent stamp removal
exposes the recrystallized absorber surface, which appears darker (Fig-
ure 4.2c), and allows for further characterizations. Using a flat silicon
stamp offers several advantages. First, no complete device stack is re-
quired for perovskite thin film investigations. Second, since the stamp is
removed after treatment, the recrystallized surface is directly accessible
without contamination from other functional layers (e.g., CTLs). Third,
a flat stamp enables a homogeneous distribution of applied pressure de-
spite the unevenness and imperfect surface of machine tools, e.g., high
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4.2 Process window definition via crystallinity analysis

roughness, scratches, or other defects. Silicon stamps are coated with a
Teflon layer to facilitate stamp separation from the absorber. This tech-
nique contrasts with the procedure described in our first report, in which
PSCs were delaminated to assess hot-pressed perovskite properties and
retroactively adjust the process. [14]

This work focuses on the material Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3.
Initially developed by Saliba et al., this triple-cation composition allows
for highly efficient and stable PSCs over time. [34] Our research also
shows that other compositions are conceivable, notably double-cation
perovskites and different film thicknesses from hundreds of nanometers
to up to micrometer thick layers. The following sections systemati-
cally characterize pristine and hot-pressed perovskites, highlighting a
recrystallization process at high temperatures and pressures. A suitable
process window is defined to enhance absorber morphology and crys-
tallinity while preventing its degradation. These results will support
the lamination of high-quality perovskite-based PVs in single-junction
(Chapter 5) and tandem (Chapter 6) device architectures.

4.2 Process window definition via crystallinity
analysis†

Defining the suitable process window for perovskite materials is critical
to prevent degradation under high pressure and temperature. Recent
reports suggested that a tight contact between the hot-pressed stamp
and sample could inhibit decomposition. [143,148,149] Keeping volatile de-
composition products in an enclosed space allows them to reintegrate
the absorber during recrystallization while cooling. This principle was
fundamental when perovskite sublimation was triggered at particularly
high temperatures (≥150 °C). [150] In that regard, Ding et al. hot-pressed
triple-cation absorbers at 150 °C, while Dunlap-shohl et al. employed
250 °C for MAPbI3. [143,144] In both cases, recrystallized thin films ex-
hibited outstanding quality after cooling. As each composition seems
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4 Hot-pressed perovskites

to react differently depending on applied temperatures, [151] the suitable
process window must be specified for triple-cation absorbers in the focus
of this work.

Perovskite crystallinity is studied by XRD characterization, i.e., ana-
lyzing peak positions and area as described in Section 3.2.1. Overall,
pristine and hot-pressed perovskites at 85 to 105 °C present a similar
diffraction pattern (Figure 4.3). Figure 4.4 shows a detailed analysis of
the dominant peak at 14.2°, assigned to the (001) crystallographic plane
and identified as preferential orientation. While the peak position and
FWHM remain the same, the peak height systematically increases after
hot-pressing at all investigated pressures, temperatures, and durations
compared to pristine absorbers. This improvement is accentuated for
longer treatments (>5 min) and higher pressures (>20 MPa). The re-
sulting larger peak area suggests an enhanced crystallinity of hot-pressed
perovskites, in consistency with existing literature. [112–115]
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Figure 4.3: X-ray diffraction (XRD) characterization of hot-pressed perovskites.
a) XRD patterns of pristine (blue) and hot-pressed perovskites (green) for different
temperatures, and b) processing durations. Layer stacks are glass/ITO/perovskite.
Circles highlight ITO peaks at 21.4 and 30.4°. The peak at 14.2° is attributed to the
(001) crystallographic plane of the perovskite. Pristine and hot-pressed perovskites
at 85 to 105 °C present a similar diffraction pattern. It is only for temperatures and
times exceeding 110 °C and 90 min (in grey) that an additional PbI2 peak at 12.6°
emerges, as highlighted with a star, indicating perovskite decomposition. c) Zoomed-
in view of the region highlighted in (b), showing the additional PbI2 peak. Further
XRD data are available in reference [123].

56



4.2 Process window definition via crystallinity analysis

XRD patterns of hot-pressed triple-cation perovskites indicate no sign
of degradation for temperatures up to 105 °C, in agreement with our
previous findings. [14] An additional diffraction peak appears at 12.6° for
a temperature of 110 °C, revealing the presence of unreacted PbI2 (Fig-
ure 4.3a). The emergence of a PbI2 peak, which was not visible at lower
temperatures, suggests a perovskite decomposition, usually detrimental
to material quality and device intrinsic stability. [152] This result indi-
cates that perovskites can degrade from overheating despite tight contact
with the stamp. [14,143,150] A perovskite decomposition also occurs dur-
ing excessively long hot-pressing durations, as a PbI2 peak emerges after
90 min (Figure 4.3b). Consistent degradation trends were confirmed
across different pressure levels and durations. [14,123] Regarding pressure,
the general perovskite crystal structure remains unaffected even when
increased up to 150 MPa, as shown in Figure 9.2, Appendix. These
findings are consistent with recent literature on a similar triple-cation
composition, demonstrating good thermal stability for short annealing
at temperatures up to 100 °C (without applying pressure) while high-
lighting immediate decomposition at 120 °C or after 50 min at lower
temperatures. [151] In conclusion, this study identified upper parameter
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Figure 4.4: Systematic area increase of the 14.2° peak assigned to the (001) crystal-
lographic plane of hot-pressed perovskites, indicating enhanced crystallinity. a) Peak
area (green) and position (grey) of hot-pressed perovskites for various temperatures,
b) processing durations, and c) pressures. Peak areas and positions for reference films
are shown in blue. Error bars represent measurement uncertainties, as discussed in
Section 3.2.1.
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4 Hot-pressed perovskites

limits preventing perovskite degradation: While the pressure can be in-
creased up to 150 MPa, temperature and duration should not exceed
105 °C and 60 min, respectively. This process window constitutes the
starting range for the following studies.

4.3 Surface morphology of hot-pressed
perovskites

4.3.1 Perovskite grain growth‡

Although the role of perovskite grain boundaries in PSCs is still under
debate in the literature, recent research showed possible benefits of large-
grain absorbers. [153–156] Larger grains and/or passivated grain bound-
aries could reduce trap-state density, thus mitigating recombination
mechanisms, especially non-radiative recombination losses. [114,157–161]

Fewer grain boundaries could also enhance steric effects by hindering
the movement of uncoordinated iodide species and the penetration of
water and oxygen molecules through the absorber, thereby prevent-
ing decomposition. [115,155,162,163] Grain size is conventionally controlled
during or after perovskite deposition, e.g., through additives engineer-
ing, [158,164] thermal annealing under an inert atmosphere, [165] or using
solvent-based post-deposition treatments. [145,159] However, hot-pressing
techniques also demonstrated promising results in inducing grain growth
in perovskite layers. [114,148,149,166] According to the literature, temper-
ature, and duration are interlinked in crystal growth. In the model
developed by Mayer et al. for MAPbBr3 materials, two significant
observations were stated: “(i) Growth is fast initially but slows down
with time; [. . . ] (ii) Treatment temperature accelerates growth substan-
tially.” [148] The pivotal role of temperature was further underlined by
Wang et al., showing that applying pressures of up to 34 GPa with-
out heating might be insufficient to induce grain growth and plastic
deformations in MAPbBr3 perovskites. [167] As each composition might
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4.3 Surface morphology of hot-pressed perovskites

recrystallize differently – especially depending on the temperature –, [151]

grain growth must be studied for triple-cation perovskites in the focus of
this work. Duration, pressure and temperature are systematically varied
to characterize the interlinked influence of hot-pressing parameters:

1) Duration variations from 5 to 90 min at 90 °C under 100 MPa;

2) Pressure variations from 5 to 150 MPa at 90 °C for 5 min;

3) Temperature variations from 85 to 120 °C for 30 min under 100 MPa.

Selected ranges build on insights provided in Section 4.2: To prevent
perovskite degradation caused by overheating, the highest temperature
is limited to 120 °C, and duration is not extended beyond 90 min. Tem-
peratures below 80 °C are neglected for grain growth, as some level of
heat is required, according to Mayer et al. [148]

First, the grain size is studied for various durations, and respective
values are summarized in Table 4.1. A hot-pressing step results in
a significant increase in average grain size to 320 nm (+14%rel) for
5 min and 350 nm (+25%rel) for 30 min, as compared to pristine per-
ovskites exhibiting 280 nm large grains. Longer times do not lead to
significant further improvements, suggesting a saturation effect. There-
fore, a duration of 30 min maximum is considered sufficient to promote
grain growth. Regarding pressure, a complementary study presented in

Table 4.1: Measured grain size in nanometers of pristine and hot-pressed perovskites
for a duration of 5 to 90 min. The temperature and pressure are fixed at 90 °C and
100 MPa. SD stands for standard deviation. A similar trend is found at different
pressure levels. [123]

Pristine 5 min 30 min 60 min 90 min

Mean 280 320 350 350 370

SD 65 81 85 92 76

Minimum 130 180 130 150 190

Maximum 420 550 570 550 660
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Figure 9.2, Appendix, does not provide conclusive evidence of the pri-
mary role of pressure in controlling grain growth. Nevertheless, the
results confirmed that a 5 min short treatment can induce grain growth
in the triple-cation perovskite.

When studying grain growth as a function of temperature, considering
that heating and cooling phases take longer as the set temperature rises
is crucial. A sample hot-pressed at 90 °C for 5 min spend in total 5 min
less in the machine compared to a sample at 120 °C, which is as long as
the hot-pressing itself. This difference is illustrated in Figure 3.2 (Sec-
tion 3.1.3). To reduce the dominance of heating and cooling phases with
varying temperatures, the hot-pressing duration is extended to 30 min in
the following study. The relative time difference of the complete process
is thus decreased to below 10%rel between samples treated at 90 and
120 °C for a more equitable comparison. Measured grain sizes as a func-
tion of temperatures are displayed in Figure 4.5. As temperature rises,
grains significantly enlarge from 350 nm at 90 °C (+30%rel, compared
to pristine perovskite with 270 nm) to 400 nm at 100 °C (+48%rel) and
470 nm at 120 °C (+74%rel), on average. The mean grain size increases
approximately by 50 nm for every 10 °C step. Remarkably, grains as large
as 780 nm are observed at 120 °C, compared to a maximum size of 420 nm
in pristine films. This enhancement aligns with recent literature report-
ing on additives, such as trimethylammonium chloride (TACl) incorpora-
tion in MAPbI3 materials exhibiting a comparable initial grain size, [157]

and the +73%rel larger grains obtained with a similar triple-cation com-
position enriched with methylammonium chloride (MACl). [164] Whether
improved absorber morphology benefits its optoelectronic properties will
be discussed in Section 4.5 by PLQY analysis.

The present study demonstrates that hot-pressing is suitable for tun-
ing the grain size of triple-cation perovskites and that temperature is
the primary parameter to achieve larger grains. Even if the processing
duration also increases the grain size, the rate slows over time, align-
ing with the growth law introduced by Mayer et al. [148] This satura-
tion effect implies that compensating for reduced temperatures by longer
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Figure 4.5: Grain growth in hot-pressed perovskites with increasing processing tem-
perature. a) Measured grain size on pristine (as deposited, blue) and hot-pressed films
(green) at different temperatures. SD stands for standard deviation. b) Represen-
tative atomic force microscopy (AFM) images of hot-pressed perovskite surfaces at
85 °C, c) 100 °C and d) 120 °C. The layer stack is glass/ITO/perovskite. The scale
bar corresponds to 1 µm. Adapted from reference [120] with the permission of Wiley.
Further AFM images are available in reference [123].

treatments is not a practical strategy. These findings are favorable out-
comes in the context of upscaling and roll-to-roll applications, where
time is a constrained parameter. In addition, differences are noticed in
growing rates compared to values obtained for MAPbBr3 materials, [148]

confirming that each perovskite composition requires individual opti-
mization of hot-pressing conditions. In summary, applying the highest
possible temperature is beneficial for maximizing grain growth, while a
duration of 30 min appears already sufficient. As it remains uncertain if
larger grains improve device performance despite perovskite decomposi-
tion (starting at 110 °C), complete laminated PSCs will be investigated
in Section 5.3 to conclude the suitable parameter window yielding solar
cells with high PCEs.
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4.3.2 Perovskite surface roughness decrease‡

Smooth perovskite surfaces in PSCs can reduce the interface resis-
tance to enhance charge carrier extraction, facilitate subsequent CTL
deposition, and possibly increase steric hindrance and structural bulk
stability. [113,145,168] To obtain smooth perovskite films, several meth-
ods have been proposed, focusing either on the layer deposition or on
post-treatments, e.g., using solvents to dissolve the perovskite surface
partially. [145,169] Promising results were achieved by hot-pressing treat-
ments: Pourdavoud et al. reported a remarkable RMS roughness re-
duction from 23.8 nm to 0.5 nm by applying only 10 MPa at 150 °C
on CsPbBr3 perovskites, [132] and from 46 to 0.6 nm in MAPbBr3 under
10 MPa at 90 °C. [133] Moreover, Witt et al. underlined that MAPbI3
films were substantially smoother after a tempered pressing while ap-
plying the same pressure of 100 MPa at room temperature only reduced
roughness to a certain degree (70 nm compared to 24 nm at 100 °C). [139]

These reports highlight two essential aspects of the hot-pressing tech-
nique: i) There is an interlinked influence of heat and pressure on the
achieved perovskite surface roughness, and ii) the suitable parameter
ranges depend on the material composition. The following study sys-
tematically investigates the roughness of triple-cation perovskite films
depending on hot-pressing conditions.

The hot-pressed perovskite surface roughness is investigated by AFM
measurements. Three types of experiments are conducted and subse-
quently discussed in the following:

1) Duration variations from 5 to 90 min at 90 °C under 100 MPa;

2) Pressure variations from 5 to 150 MPa at 90 °C for 5 min;

3) Temperature variations from 85 to 120 °C for 30 min under 100 MPa.

These parameter variations mirror those conducted in Section 4.3.1, with
a focus on RMS roughness values obtained from the same AFM mea-
surements. 1) A substantial reduction in the RMS roughness is observed
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Figure 4.6: Reduced surface roughness of hot-pressed perovskites with increasing
processing duration. a) Root mean square (RMS) roughness of pristine (as deposited)
and hot-pressed perovskites for 5 to 90 min. All RMS roughness values are calculated
on an (3x3) µm area. SD stands for standard deviation. b) Representative atomic
force microscopy (AFM) images of perovskite surfaces as-deposited, c) treated for
30 min, and d) 60 min. The layer stack is glass/ITO/perovskite. The scale bar
corresponds to 1 µm. Adapted from reference [120] with the permission of Wiley.
Further AFM images are available in reference [123].

over time from about 20 nm in pristine perovskites to less than 10 nm
after a 5 min treatment and further decreases to below 3 nm at 30 min
(Figure 4.6). As longer hot-pressing durations do not further reduce the
roughness, a maximum of 30 min appeared sufficient. The repetition
of this duration-dependent study under 80 to 120 Mpa confirms a sat-
uration effect, as summarized in Table 4.2. 2) The pressure variation
study, detailed in Figure 9.2, Appendix, highlights a minimum thresh-
old of 20 MPa that must be exceeded to induce recrystallization and a
minimum of 50 MPa for a significantly reduced surface roughness under
10 nm. Below 20 MPa, no plastic deformation is induced in the per-
ovskite. The smoothest absorber layers (about 3 nm RMS) are achieved
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Table 4.2: Root mean square (RMS) surface roughness measured on perovskites
hot-pressed under pressures from 80 to 120 MPa and durations from 5 to 90 min.
Temperature is kept constant at 90 °C. RMS values are given in nanometers and are
calculated on an (3x3) µm area. The data can be visualized in reference [123].

5 min 30 min 60 min 90 min

80 MPa 8.6 3.0 1.3 1.5

100 MPa 5.3 1.5 1.4 1.3

120 MPa 5.2 1.7 1.3 1.2

when exceeding 100 MPa. 3) All hot-pressed perovskites exhibit re-
markably low RMS roughness of less than 2 nm, independently of the
temperature (Table 4.3). Even if the temperature is increased from 85 to
120 °C, the surface roughness cannot be further reduced.

Overall, the perovskite RMS surface roughness of a few nanometers
aligns with that achieved using other hot-pressing treatments, with sim-
ilar reported values calculated over comparable surface areas. [115,132,133]

Interestingly, the minimum pressure threshold of 50 MPa for smooth per-
ovskite layers is substantially higher than in the literature, reporting typ-
ically 10 MPa. [112,115,132,133,148,149] Furthermore, even if the hot-pressing
duration also plays a role in the triple-cation perovskite recrystallization,
similarly low RMS values of only a few nanometers are obtained either
by using high pressure or long times. That higher pressures can compen-
sate for a shorter duration is particularly interesting for future roll-to-roll

Table 4.3: Root mean square (RMS) surface roughness measured on hot-pressed
perovskites at 85 to 120 °C. Pressure and duration are fixed at 100 MPa and 30 min.
All RMS roughness values are calculated on an (3x3) µm area. The data can be
visualized in reference [123].

85 °C 90 °C 95 °C 100 °C 105 °C 120 °C

RMS (nm) 2.0 1.6 1.3 1.5 1.2 1.5
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applications where time is constrained. In summary, this study demon-
strated that hot-pressing can enhance perovskite surface morphology,
which is expected to improve the interface with adjacent functional lay-
ers in PSCs and possibly enhance the long-term device stability. These
aspects will be investigated in Sections 4.5 and 5.5, respectively.

4.4 Film thickness of hot-pressed perovskites

Applying pressure on perovskite absorbers was reported as a promising
post-treatment technique when the deposition method led to incomplete
substrate coverage, e.g., via spray-coating. [170,171] High pressures closed
gaps and pinholes in the absorber – possible shunt paths –, resulting
in continuous and smoother layers. The compacted films were signif-
icantly thinner, with an as-deposited thickness of 850 nm reduced to
520 nm after pressing. [171] However, the compaction process seems to
depend on the initial absorber porosity. For example, Gong et al. did
not observe significantly thinner layers after hot-pressing conventionally
spin-coated perovskite films. [145] Scanning electron microscopy measure-
ments revealed only a 20 nm reduction in total thickness when laminating
two 520 nm thick perovskite layers. An interesting question arises in the
light of the literature: To what extent does our hot-pressing procedure
affect the thickness of conventionally spin-coated perovskite absorbers?

Two arrangements are implemented to accentuate an eventual thickness
reduction and decrease measurement uncertainty. First, a 720 nm thick
perovskite layer is used, of composition Cs0.17FA0.83Pb(I0.92Br0.08)3. For
comparison, the triple-cation absorber employed elsewhere is only half
as thick (about 370 nm). Second, several perovskite thin films are de-
posited atop each other by successive lamination steps, as illustrated in
Figure 4.7a. This sequential process consists of hot-pressing two half-
stacks prepared in parallel. The half-stacks comprise a perovskite film
deposited on PEN/ITO foil or glass/ITO substrates. After hot-pressing,
peeling off the PEN foil results in a double absorber layer on the glass
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Figure 4.7: Characterization of the perovskite film thickness after hot-pressing.
a) Illustration of the sequential lamination of independent half-stacks comprising:
(A) PEN foil/ITO/perovskite, and (B) glass/ITO/perovskite. A stack of two per-
ovskite layers (# = 2) is obtained after peeling off the PEN/ITO foil. This process
is repeated with a third film, resulting in a triple perovskite layer (# = 3). b) Pro-
filometry measurement of pristine, double-, and triple-perovskite layers, which are ap-
proximately 720, 1440, and 2160 nm thick, respectively, suggesting that the absorber
thickness remains relatively unaffected by the hot-pressing process. c) Representative
atomic force microscopy (AFM) images of the pristine perovskite surface, and d) after
laminating a second perovskite layer. AFM scale bar corresponds to 1 µm.

substrate. Half-stack adhesion occurs through recrystallizing the two
perovskite films at high temperature and pressure (90 °C, 80 MPa, for
5 min). This procedure is repeated with a third absorber layer deposited
on a PEN/ITO foil substrate. The thickness measurement of three hot-
pressed perovskite films is expected to accentuate a potential thickness
reduction by three times.

Profilometry measurements reveal a linear increase in thickness with the
number of stacked perovskite layers (Figure 4.7b). Laminating two per-
ovskite films doubles the initial thickness from about 720 to 1440 nm.
Repeating the procedure with a third film triples the initial single-layer
thickness to approximately 2160 nm. A slight variation in thickness in
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4.5 Optoelectronic properties of hot-pressed perovskites

the range of a few nanometers may not be detectable and, therefore, can-
not be entirely excluded. However, the fact that perovskite films can be
sequentially laminated without substantial loss in thickness suggests that
the absorber thickness remains relatively unaffected. These findings are
key for analyzing light management in PSCs containing hot-pressed per-
ovskites, as absorber thicknesses severely affect light absorption near its
bandgap. [172] Sequential lamination is also promising to produce ultra-
thick perovskite films exceeding 2 µm, which is challenging to achieve
conventionally. [74,173] Further applications in tandem PVs are particu-
larly interesting, where the complete coverage of perovskite on rough sub-
strates, such as textured silicon and CI(G)S solar cells remains challeng-
ing. [174] The feasibility of using the hot-pressing process to produce suffi-
ciently thick absorber layers for covering textures is investigated as part
of Chapter 8. An additional benefit of thicker perovskite films is a possi-
ble enhancement of the PSC fabrication yield, notably by preventing the
formation of shunt paths through more continuous absorber layers. [159]

Sequential lamination also has a significant potential for producing per-
ovskite heterostructures by combining different materials that cannot be
deposited on each other otherwise, e.g., due to solvent incompatibilities.
Thus, advanced energy level alignment can be achieved, as demonstrated
in our report on laminated semiconductor lasers, [121] and surface defects
could be efficiently passivated for improved PSC performance. [55]

4.5 Optoelectronic properties of hot-pressed
perovskites‡

Optoelectronic properties of hot-pressed perovskites are expected to im-
prove through the enhanced morphology – larger grain size and smoother
surface – and crystallinity achieved under high temperatures and pres-
sures. [144] Properties of particular interest for optoelectronic perfor-
mance can often be rationalized through a detailed understanding of
a material band structure. The bandgap energy of pristine triple-cation
absorbers employed in this work is 1.63 eV, as determined from the EQE
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inflection point of PSCs. [116] Figure 4.8 shows the bandgap determina-
tion for representative pristine and hot-pressed perovskites in different
conditions. These measurements reveal no significant bandgap shift. For
all temperatures, pressures, and durations, bandgaps remain within the
sample-to-sample variation range of (1.63±0.004) eV, indicating that
the perovskite composition remains unaffected. The bandgap preserva-
tion aligns with existing literature that employs similar temperatures
(≤100 °C). [112] In contrast, exceeding 150 °C to trigger sublimation was
associated with a bandgap shift toward shorter wavelengths, highlight-
ing a possible change in perovskite composition due to the escape of
volatile chemical components. [115,150] These results are in good agree-
ment with XRD measurements presented in Section 4.2, indicating no
evident perovskite decomposition at temperatures under 100 °C. There-
fore, the previously outlined process window to preserve absorber quality
is confirmed with a maximum of 100 °C, 100 MPa, and 30 min.

Further optoelectronic characteristics of hot-pressed perovskites are in-
vestigated via PLQY measurements, enabling the determination of the
implied V oc and n id, an indicator of the dominant recombination type.
Device half-stacks comprising a glass/ITO substrate, a HTL of 2PACz,
and a perovskite film are characterized as-deposited and hot-pressed and
compared to identify enhancements related to the absorber recrystalliza-
tion. The process is conducted within the aforementioned range at 90 °C
under 80 MPa for 5 min. In addition, the interface between the smooth
perovskite layer and adjoining CTL is investigated by evaporating an
ETL of C60 on the half-stacks. The systematic comparison between
hot-pressed and pristine layer stacks provides insights into the improved
quality of the perovskite and its interface with adjacent CTLs.

Figure 4.9 displays the implied V oc of pristine and hot-pressed per-
ovskites. After treatment, the layer stack retains a similar implied
V oc of 1.21 V on average, confirming that the absorber remains pre-
served. The benefits of hot-pressed perovskite surface morphology are
revealed by applying on the absorber an ETL of C60, widely used in
PSCs. [67,175–177] Here, a reference stack (I), where the C60 is directly
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Figure 4.8: Analysis of the perovskite bandgap as a function of hot-pressing con-
ditions. a) Bandgap determination of hot-pressed perovskites for different temper-
atures, b) pressures, and c) processing durations. The plotted intensity is derived
from the external quantum efficiency inflection point (Section 3.2.2). The bandgap
is taken as the Gauss fit center. The band gap of hot-pressed perovskites remains
similar to that of pristine films at (1.63±0.004) eV, within the range of measurement
uncertainties (in grey).

evaporated on the pristine perovskite, is compared to an identical, hot-
pressed stack (II), subsequently completed with a C60 layer. The implied
V oc drop to 1.08 V in references (I) due to increased recombination losses
at the perovskite/C60 interface, as previously reported. [178,179] The hot-
pressed layer stack (II) demonstrates a slight enhancement in implied
V oc and lower n id (Figure 4.9b), indicating a reduced contribution of
non-radiative recombination. [55] This improvement is attributed to the
recrystallized perovskite exhibiting larger grains and a smoother surface,
thereby limiting primary trap-assisted recombination channels. [180,181]

The results align with recent findings on hot-pressed perovskites, consis-
tently reporting reduced non-radiative recombination losses. [112,114,144]

Comparing layer stacks I and III – where C60 is deposited on hot-pressed
perovskites – highlights a substantial improvement in the C60/perovskite
interface. In the latter configuration, C60 is applied on a recrystallized
absorber surface resulting in an enhanced implied V oc of 1.11 V and
a lower n id of 1.59 (Figure 4.9c). PLQY measurements thereby con-
firm that the perovskite morphology plays a pivotal role in the interface
quality with adjacent CTLs. While the C60/perovskite interface area
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Figure 4.9: Photoluminescence quantum yield (PLQY) characterization of hot-
pressed perovskites. Three layer stacks are compared: a) Reference layer stack
(I), conventionally prepared, b) Layer stack (II), consisting of a hot-pressed refer-
ence stack, and c) layer stack (III), containing a hot-pressed perovskite stack, sub-
sequently completed with C60. Red frames indicate hot-pressed stacks at 90 °C and
80 MPa for 5 min. d) Implied V oc measured via PLQY at 1-Sun. Reference measure-
ments for pristine (PSK) and hot-pressed layer stacks (HP-PSK) comprising glass/I-
TO/2PACz/perovskite are displayed. e) Intensity-dependent measurement of implied
V oc. n id stands for ideality factor. An outlined arrow highlights an enhancement
in implied V oc in stack (III), attributed to the improved absorber morphology and
perovskite/C60 interface. Adapted from reference [120] with the permission of Wiley.

is extensive when C60 is deposited on the pristine perovskite, the sur-
face contact of these materials is assumed to be significantly reduced
when C60 is processed on smooth layers, which is beneficial to device
performance. Therefore, reduced non-radiative recombination losses in
the hot-pressed perovskite are attributed to its enhanced morphology
and interface with the adjoining CTL.
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4.6 Summary

Insights into the recrystallization process of polycrystalline perovskite
thin films during hot-pressing are provided by monitoring the crys-
tallinity and morphology achieved. Experimental results indicate that
50 MPa is a minimum pressure threshold that must be exceeded to in-
duce plastic deformation and significantly reduce the perovskite RMS
surface roughness to a few nanometers. Grain growth can be triggered by
increasing the temperature, which is consistent with existing literature.
In the 85 to 120 °C range, the mean grain size increases by approximately
50 nm for each 10 °C step. To a lesser extent, hot-pressing duration can
also increase grain size. However, a 5 min process seems sufficient to
significantly improve the perovskite morphology and crystallinity.

Despite the harsh hot-pressing conditions, no evidence of material de-
composition is noticed as long as the temperature and duration do not
exceed about 100 °C and 60 min. These findings outline a process window
in which hot-pressed perovskites exhibit larger grains, smoother surfaces,
and enhanced crystallinity compared to pristine films while preventing
material degradation. The process parameters – temperature, pressure,
and time – can be controlled according to the targeted outcome. There-
fore, this technique can be envisioned as a post-treatment method to
decouple the deposition process from the final absorber quality required
for efficient optoelectronic devices. Interestingly, the process window
appears compatible with roll-to-roll applications, allowing the applica-
tion of high pressure and temperature in a short time. A roll-to-roll
process would be particularly interesting for future upscaling of the lam-
ination technique, allowing higher throughput and rapid treatment of
large areas.

Improved perovskite morphology and crystallinity of perovskite ab-
sorbers are intrinsically linked to the performance of PSCs. PLQY
measurements show that a recrystallized perovskite film provides an im-
proved interface with the subsequently deposited CTL of C60. Higher
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implied V oc and lower n id are achieved in hot-pressed layer stacks, indi-
cating a reduced dominance of non-radiative recombinations. Mitigating
these losses – known to be particularly severe at the perovskite/C60 in-
terface – may benefit device performance. These results suggest that
PSCs can be improved by integrating a hot-pressing step on the per-
ovskite layer in the device fabrication sequence. This work on hot-
pressed perovskites also contributes to understanding the behavior of
fully laminated PSCs presented in the following chapters. In particu-
lar, the improved absorber morphology is expected to enhance device
stability over time, a hypothesis tested in Section 5.5.

An additional feature of the lamination technique was explored when in-
vestigating possible changes in the thickness of hot-pressed perovskites.
Sequential lamination of multiple perovskite layers evidenced that the
initial perovskite thickness is not reduced by hot pressing. For instance,
the total thickness triples when three perovskite layers are laminated.
Nonetheless, these results also demonstrated that sequential lamination
enables the processing of ultra-thick perovskite films exceeding 2 µm,
which might have several advantages in the PV field. Stacked perovskite
films could increase the yield in PSC fabrication by preventing the forma-
tion of shunt paths through more continuous absorber layers. Sequential
lamination could also be used to produce perovskite heterostructures,
e.g., for advanced energy level alignment and surface passivation, by
combining materials that cannot be conventionally deposited atop each
other. Finally, this method could provide an alternative solution to facil-
itate the usually challenging coverage of rough and textured substrates,
such as silicon solar cells in the context of tandem PV, as highlighted
in Chapter 8.
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An innovative lamination technique is introduced as an alternative fab-
rication method for PSCs, overcoming standard sequential layer depo-
sition limitations. Different proof-of-concept architectures explore the
increased degree of freedom in the choice of materials and deposition
techniques. Notably, semi-transparent PSCs are successfully laminated,
which is a milestone for applications of this technology in the tandem
PV field. Through variations in temperature, duration, and pressure,
a suitable process window that maximizes the PCE is identified. The
resulting laminated PSCs exhibit PCEs of up to 17.5%, comparable to
conventionally produced references. This direct comparison also reveals
additional features of the lamination technique attributed to the im-
proved perovskite morphology achieved by recrystallization during the
hot-pressing process.
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5.1 Introduction

The lamination technique emerged as a promising fabrication method for
perovskite PVs, that can offer new opportunities for research into innova-
tive materials and deposition processes. The following overview outlines
a range of state-of-the-art techniques. A novel lamination method is
then introduced, allowing enhanced freedom in PSC architectures. Sec-
tion 5.2 illustrates the application versatility, notably by manufactur-
ing semi-transparent devices, which are particularly interesting for in-
tegrated PVs and the tandem technology. Section 5.3 provides insights
into suitable hot-pressing temperatures and pressures for high device per-
formance. Section 5.4 demonstrates through a direct comparison that
laminated PSCs can be on par with conventionally produced devices
and reveals additional features of this fabrication technique. Ultimately,
to test the hypothesis that enhanced perovskite morphology achieved
after recrystallization should advance device stability, long-term mea-
surements under continuous illumination are performed and discussed in
Section 5.5.

State-of-the-art lamination techniques for perovskite solar cells

Recent developments in perovskite PVs focused mainly on novel mate-
rials, layer combinations, and deposition techniques to advance the per-
formance and stability of PSCs. While absorbers were optimized by tun-
ing composition, [183,184] morphology, [185] and bulk passivation, [186] de-
vice architectures were improved through optimization of CTLs, [187,188]

electrodes, and interfacial passivation techniques, [189,190] for maximizing
charge carrier extraction. Most PSCs are produced by sequential layer
deposition. This procedure must consider that some deposition tech-
niques can damage the preceding layer stack, e.g., if the required tem-
perature exceeds the thermal tolerance of underlying films or if particles
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Perovskite/perovskite 
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Figure 5.1: Overview of state-of-the-art lamination techniques. Two main cate-
gories are distinguished based on the lamination interface. a) The first consists of
transferring an electrode on a pre-fabricated half-stack using at least one adhesive
material at the interface between the perovskite and electrode, b) between the charge
transport layer (CTL) and electrode, and c) between two CTLs. The adhesives might
be an additional buffer layer, a CTL, and an self-adhesive electrode. d) The second
technique focuses on a recrystallization process at a perovskite/perovskite interface.

of high kinetic energy are involved, as in the case of sputtering deposi-
tion. [191] Other techniques can be hindered in practice, such as solution-
based processing on thin-film surfaces causing dewetting. [192–194] Con-
sequently, conventional methods severely restrict the choice of materials
and processing techniques as each deposition must preserve the already
prepared layer stack. [150] These constraints restrict accessible device ar-
chitectures despite the development of numerous innovative materials for
PSCs in recent years.

Fabrication techniques via lamination – also known as stacking – were
proposed to overcome standard method limitations. The fundamental
principle is to decouple the deposition of functional layers by preparing
two individual half-stacks assembled in a final step. [195] Figure 5.1 shows
that this technique was primarily employed to transfer an electrode onto
a pre-fabricated half-stack. A carbon-based layer, which could serve
a double function of HTL and rear electrode, was directly laminated
onto the perovskite absorber and generally conferred enhanced stabil-
ity to the PSC. [196–198] Alternatively, lamination was performed at the
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Figure 5.2: Number of publications on perovskite solar cells fabricated via lamina-
tion since 2010. The electrode transfer technique is used in a total of 29 publications.
Almost half of them focused on a carbon-based electrode. Six publications reported
on a lamination process at the perovskite/perovskite interface. Corresponding refer-
ences are summarized in Table 9.2, Appendix.

CTL/electrode or CTL/CTL interface. Adhesive materials were intro-
duced between the half-stacks, such as transparent conductive adhesives
(also called e-glue), [199,200] wet thin films, [201] or self-adhesive materi-
als. [202,203] Only a few research groups, as depicted in Figure 5.2, used
the recrystallization of two hot-pressed perovskite layers. [115,204–206] Ap-
plying pressures and high temperatures (≥120 °C) triggered a diffusion
process or even the sublimation of perovskite materials in a confined
space. This technique resulted in a newly recrystallized thin film, unit-
ing the device half-stacks. In response to the limited knowledge about
this underappreciated method, this work demonstrates the feasibility of
manufacturing high-performance PSCs via lamination (proof-of-concept)
and conducts an in-depth analysis of involved parameters. Hot-pressing
processes are also shown to offer additional features compared to the
mainly employed electrode transfer through the improved perovskite ab-
sorber quality.
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Novel methodology: laminated perovskite single-junction devices

This work introduces a novel lamination process for single-junction PSC
fabrication. The method consists of preparing the device in two indi-
vidual layer stacks subsequently hot-pressed together, as illustrated in
Figure 5.3. In the depicted example, front half-stack A builds on a super-
strate (so-called as it remains atop the device after lamination), on which
the front transparent electrode, CTL, and absorber are successively de-
posited. The rear CTL and electrode are processed on an independent
substrate in half-stack B. The combination of heat (≈90 °C) and high
pressure (≈80 MPa) promotes perovskite recrystallization and creates
an electrical contact between materials at the half-stacks interface. This
hot-pressing process unites the half-stacks, thus completing the PSC.
Other configurations are possible, as explored in this work, e.g., the
perovskite can be deposited on either or both sides, [14] a CTL can be a
combination of several selective materials, and incident light might come
from the super- or substrate side. Similar to other lamination methods,
this technique overcomes conventional method limitations, allowing the
manufacture of novel architectures for PSCs that are otherwise chal-
lenging to produce. Nonetheless, this unique process offers additional
features discussed below.

Individual half-stacks processing Lamination Characterization

A

Substrate
Electrode

CTL

Superstrate

CTL
Perovskite B

Electrode
B

A
Top machine tool

Bottom machine tool

Incoming 
light

Figure 5.3: Lamination technique proposed in this work for fabricating single-
junction perovskite solar cells (PSCs). Device half-stacks A and B are prepared
independently on top of a super- and substrate, respectively. High temperatures and
pressures are then applied to induce perovskite recrystallization. This hot-pressing
process unites the half-stacks, completing the PSC. Other configurations are possible,
e.g., the absorber can be deposited on top of either or both half-stacks, and a CTL
can combine several layers.
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The hot-pressing technique developed in this work combines and en-
hances advantages of state-of-the-art lamination methods. As with
the electrode transfer, this technique provides substantial flexibility
in the choice of electrodes, optimally deposited on an independent
substrate. [200,203] Typical processing damage, such as metal diffusion
through pinholes during thermal evaporation of the electrode, is thereby
prevented. [207] Nevertheless, adhesives – which may introduce optical
and resistive losses – are not required. [199] Laminated PSCs presented
in this work have the same number of functional layers as conventionally
processed devices, except for the superstrate that remains on top, pro-
viding a possible encapsulation function. Lamination also substantially
increases the degree of freedom in the choice of materials, architectures,
and deposition techniques for PSCs through the decoupled processing of
the functional layers, including the perovskite absorber and CTLs. In
addition, laminated PSCs benefit from the improved perovskite quality
achieved at elevated temperatures and pressures. However, distinctively
from other state-of-the-art techniques using hot-pressed perovskite/per-
ovskite interfaces, only a single perovskite layer is sufficient to unite
half-stacks, which broadens the range of accessible architectures. [14]

Moreover, this work focuses on a hot-pressing process at lower tempera-
tures (≤100 °C), which has two significant advantages: it firstly prevents
perovskite decomposition and simplifies fabrication by reducing the risk
of escape of volatile chemical components. Secondly, lower temperatures
broaden the material options, especially for substrates. Since 100 °C
aligns with the thermal tolerance of specific polymer foils, e.g., PEN
foils with T g of around 120 °C, this technique enables the creation of
flexible laminated PSCs and paves the way for roll-to-roll processes, as
demonstrated in our previous report. [14] Finally, the parallel half-stack
preparation and possible direct device encapsulation render this original
fabrication process particularly promising for the future industrialization
of perovskite-based solar cells.
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5.2 Proof-of-concept solar cells in
single-junction architectures

This section presents three proof-of-concept laminated architectures
overcoming typical constraints of standard fabrication methods. The
focus is set on innovative material combinations and layer deposition
sequences. Other factors, such as triple-cation perovskite composition
Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 and lamination conditions, re-
main constant throughout, demonstrating the process versatility. Sec-
tion 5.2.1 focuses on a combination of inorganic CTLs, which is expected
to improve the thermal stability of the device but is difficult to produce
conventionally. Section 5.2.2 explores the increased degree of freedom
in the choice of electrode by replacing the opaque rear contact with
a transparent electrode, resulting in semi-transparent laminated PSCs.
Finally, Section 5.2.3 illustrates variations in the thin-film deposition
order enabled by lamination, bridging the gap between the development
of n-i-p and p-i-n PSC architectures. These proof-of-concept studies
not only find applications for the fabrication of PSCs targeting, for in-
stance, thermal stability but also demonstrate interesting features of the
lamination technique for future perovskite-based tandem PVs.

5.2.1 Enabling pairing of inorganic charge transport
layers for enhanced thermal stability†

Thermal stability is a cornerstone in the development of perovskite-based
PVs and their future industrial applications. Thermal stability studies
aim to ensure that solar cells maintain a reliable power output under out-
door operation conditions. Endurance to thermal cycling is particularly
important, as solar panels installed outdoors experience significant tem-
perature variations during the day. [208,209] Exposure to constant elevated
temperatures beyond standard operational levels is also a key stressor
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for solar cells as it significantly influences degradation mechanisms, ac-
celerating physical and chemical reactions, particularly in organic mate-
rials. [210] Operating solar cells at consistent high temperatures thereby
accelerates aging, which can allow for predicting device operational life-
time, e.g., by identifying Arrhenius temperature-dependent degradation
in solar cells. [211,212] Measurements at elevated temperatures of up to
85 °C are hence part of IEC standards for commercial PVs and estab-
lished protocols for assessing and reporting the stability of perovskite
PVs based on ISOS procedures. [64,210] The following thermal stability
study is based on the ISOS-L-2-I protocol, which involves testing solar
cells at 85 °C under continuous illumination with electrical bias (here,
MPP tracking). [64] It is noted that the device temperature is limited in
this work to 80 °C to prevent damaging the in-house fabricated sam-
ple holder. However, this minor difference is not expected to signifi-
cantly influence the trend observed. Testing conditions are summarized
in Table 5.1.

Table 5.1: Measurement conditions based on the ISOS-L-2-I protocol for testing
device thermal stability. [64] The temperature is limited to 80 °C, instead of the
85 °C stipulated in the protocol, to prevent damage to the in-house fabricated sample
holder.

ISOS protocol (adapted) L-2-I

Atmosphere Inert atmosphere, N2 (O2<1 ppm; H2O< 1ppm)

Temperature 80 °C

Light ON

Bias voltage ON (MPP tracking)

New materials and architectures have been investigated to achieve ther-
mally stable PSCs. Several studies reported on inorganic CTLs such as
copper iodide (CuI), [213] copper thiocyanate (CuSNC), [214] and
NiOx, [215,216] demonstrating enhanced device stability over time com-
pared to those with organic materials (notably, 2,2´,7,7´-tetrakis[N,N -
di(4-methoxyphenyl) amino]-9,9´-spirobifluorene, a.k.a. Spiro-OMeTAD).
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Among the inorganic materials, NiOx and SnO2-np are particularly
promising HTL and ETL, respectively. [187,217] However, it remains chal-
lenging to process NiOx and SnO2-np within the same device conven-
tionally. The NiOx deposition can lead to either sputtering damage of
the underlying perovskite layer or overheating in the case of solution-
based processing, due to high annealing temperatures (approximately
300 °C). [218–220] Meanwhile, polar solvents involved in solution-based
SnO2-np deposition, in particular water, would dissolve an underlying
perovskite film. [221] The lamination technique overcomes these limita-
tions via the decoupled CTL processing, as NiOx and SnO2-np must
not be directly deposited on top of the sensitive absorber. This novel
material combination, which is challenging to fabricate conventionally, is
particularly interesting to target PSCs with enhanced thermal stability.

PSCs are prepared in two independent half-stacks (Figure 5.4a). The
front layer stack builds on a glass substrate, on which a transparent
ITO, ETL of SnO2-np, and the perovskite absorber are deposited. The
rear stack comprises a PEN foil, an Au electrode, and a double HTL of
NiOx and PTAA. Both half-stacks are subsequently laminated at 90 °C,
80 MPa for 5 min. Figure 5.4b displays the champion device perfor-
mance, which exhibits a PCE of 14.0%, a FF of 64.6%, a V oc of 1.08 V,
and a J sc of 20.0 mA/cm². The laminated PSC presents a stabilized PCE
of 13.5% after 5 min MPP tracking. Even at high temperatures as high as
80 °C, the device shows good thermal stability by retaining 96.8% of its
initial PCE during 10 h of continuous illumination at 80 °C (Figure 5.4c).
The enhanced stability over time and device performance achieved are
consistent with our previous report using the same architecture, where
for the first time a laminated PSC equipped with two inorganic CTLs
maintained a stable power output under continuous illumination at high
temperatures. [14] These results demonstrate the process reproducibility
and confirm the enhanced thermal stability of this material combination,
which also appears robust against temperature variations. [14]
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Figure 5.4: Proof-of-concept architecture combining SnO2-np and NiOx inorganic
charge transport layers in a laminated perovskite solar cell (PSC). a) Illustration of
the device architecture and lamination process. b) Current density-voltage charac-
teristics of the champion laminated PSC, scaled to the integrated J sc from external
quantum efficiency measurement. c) Maximum power point (MPP) tracking of the
champion device under illumination for 10 h at 80 °C to test operational stability
based on the ISOS-L-2-I protocol. [64] Initial stabilized power output (PCEinitial) is
determined by MPP tracking for 5 min, shown in the inset.

The champion device is competitive with state-of-the-art laminated
PSCs with similar materials. [115,150,222] Nevertheless, this prototype ex-
hibits a lower PCE than conventional opaque architectures,
reaching up to 26% today. [13] The major limiting factor is the FF, which
is about 20%rel behind record PSCs. A possible explanation is a poor
interface quality between the laminated half-stacks. This hypothesis is
supported by findings from Jung et al., quantifying the interfacial adhe-
sion strength of laminated perovskite/NiOx, perovskite/SnO2-np, and
perovskite/perovskite layers. [115] The former interface was the weak-
est, causing the highest electrical losses. We significantly improved this
interface by adding a PTAA buffer layer between the perovskite and
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Table 5.2: Fabrication yield of the lamination process for perovskite solar cells with
and without a PTAA layer at the perovskite/NiOx interface. The yield is calculated
as the total number of functional devices divided by the number of produced devices.

Without PTAA With PTAA

Total number of fabricated devices 76 72

Total number of functional devices 32 56

Number of batches 2 3

Fabrication yield 42% 78%

NiOx, increasing i) the fabrication yield by 36%abs, with a total of 78%
functional devices (Table 5.2), and ii) the average PCE of up to 4.6%abs

(Figure 9.3, Appendix). [14] This amelioration is accentuated with thicker
PTAA films, resulting in significantly higher FF (to a certain limit).
The thin PTAA layer is presumed to fill remaining gaps at the inter-
face, thereby enhancing mechanical and electrical contact between the
recrystallized absorber and NiOx. Replacing the buffer layer, e.g., with
a SAM – widely used to date in high-efficiency and operationally stable
PSCs –, [223] or changing the lamination interface to perovskite/ETL
could further boost the PCE. Both options are explored later in this
work, resulting in laminated PSCs with a FF reaching up to 75%. Apart
from the potential for higher PCE, these proof-of-concept devices show-
case new possibilities that lamination offers. This process might support
optimizations in existing architectures of PSCs or investigations of new
materials to target enhanced long-term device stability.

5.2.2 Laminated semi-transparent perovskite
solar cells‡

Semi-transparent PSCs might find applications in future architectural
concepts such as window- and building-integrated PV, and play a piv-
otal role in the tandem technology as top solar cells. [224] The standard
opaque rear electrode – typically thermally evaporated Au or Ag – must
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5.2 Proof-of-concept solar cells in single-junction architectures

be substituted with a transparent conductive material. Transparent con-
ductive oxides such as sputtered ITO, IZO, or IO:H are widely used as
they provide low sheet resistance and low parasitic absorption. [59] How-
ever, TCO sputtering on top of a device layer stack is challenging. Per-
ovskite films and CTLs, e.g., BCP, are soft and would be irreversibly
damaged when exposed to particle bombardment during the sputtering
deposition. [191] A prevailing strategy to address this incompatibility is-
sue is incorporating buffer layers. These layers act as protective shields
for sensitive layer stacks, permitting the deposition of transparent con-
ductive materials on top. Common buffer layers include molybdenum
oxide (MoOx), [225] zinc oxide (ZnO), [226] and most prominently, ALD-
deposited SnOx. [218,227,228] The lamination technique proposes an alter-
native solution, as the rear electrode is independently deposited on a
separate substrate. Decoupling the deposition of perovskite and TCO
layers eliminates the risk of sputter damage, thereby broadening the
range of compatible processing techniques and materials to advance the
device performance of semi-transparent PSCs and tandem PVs.

This work applies the lamination process to PSCs in a semi-transparent
architecture. A 300 nm thick ITO electrode optimally sputtered onto a
PEN foil replaces the standard metal contact. This electrode demon-
strates a low sheet resistance of 15 Ω/sq, equivalent to commercial
glass/ITO substrates. The device comprises a front layer stack prepared
on a glass substrate with an ITO electrode, a double HTL of NiOx and
2PACz, and the perovskite absorber. The rear ITO electrode and double
HTL of SnOx and C60 are deposited on a separate PEN foil. The in-
dependently processed half-stacks are subsequently laminated at 90 °C,
80 MPa for 5 min, as illustrated in Figure 5.5a. This device architec-
ture, established for the first time in this work, enables comparisons with
existing literature using standard fabrication techniques. [120]

The lamination process results in functional semi-transparent PSCs with
a remarkable fabrication yield of 88% functional devices – with PCEs ex-
ceeding 12 % criterion – in a single batch. Corresponding statistical data
are provided in Figure 9.4, Appendix. The champion device exhibits a
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Figure 5.5: Lamination of semi-transparent perovskite solar cells (PSCs) by replac-
ing the Au opaque contact with an ITO transparent electrode. a) Illustration of
the solar cell architecture and lamination process. Devices are illuminated from the
glass side. b) Current density-voltage characteristics, and c) maximum power point
tracking of the champion PSC. The photograph shows a representative laminated
semi-transparent PSC from the PEN foil side. [124] d) External quantum efficiency
(EQE, solid line), reflectance (R, dots line), and transmittance (T, dashed line) char-
acterization of the champion device. EQE of a representative semi-transparent device
conventionally produced is shown in grey for comparison. Outlined arrows highlight
decreased EQE near the perovskite bandgap, correlating with enhanced transmit-
tance. Adapted from reference [120] with the permission of Wiley.

PCE of 15.4% with minor hysteresis and a stable power output displayed
in Figure 5.5. This device outperforms our previously reported laminated
semi-transparent PSCs by 4.1%abs, [14] which is primarily attributed to
the improved FF through reduced Rseries and increased Rshunt. Com-
pared to laminated opaque PSCs presented later in Section 5.3, the semi-
transparent device demonstrates a similar V oc of 1.1 V and FF of 74.7%.
The J sc of 18.7 mA/cm², confirmed by EQE measurement (Figure 5.5d),
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5.2 Proof-of-concept solar cells in single-junction architectures

is lower than in opaque laminated PSCs (about 20 mA/cm²) due to im-
perfect light absorption near the perovskite bandgap from 600 to 750 nm.
Indeed, the standard metal rear electrode in opaque devices acts as a re-
flective surface, enhancing light absorption via photon recycling within
the solar cell. [229] Compared with conventional semi-transparent refer-
ences, laminated PSCs show equivalent light management without spe-
cific absorption losses caused by the hot-pressing process (Figure 5.5c).
Moreover, the device performance fully aligns with previously reported
conventional references of a comparable layer stack – including the same
triple-cation perovskite composition. [230] These results demonstrate that
the high pressure and temperature applied do not lead to evident degra-
dation of materials and interfaces.

This versatile fabrication technique paves the route for future investi-
gations of novel types of transparent electrodes, which are usually re-
stricted by the challenging sputtering deposition. Lamination allows
the use of new electrodes with an optimized balance between conduc-
tivity and transparency, which could further improve the performance
of semi-transparent PSCs. [231] These new electrodes could even be in-
tegrated directly into the superstrate. [200,203] Introducing anti-reflective
coatings, [232] and textured layers are additional optimization strategies
for increasing J sc through reduced reflectance losses – typical for planar
architectures. [128,233] To conclude, this study demonstrates the suitabil-
ity of the lamination method to produce semi-transparent PSCs with
high PCE. The presented architecture is a milestone in the develop-
ment of the perovskite-based tandem technology. The PSC front layer
stack might be hot-pressed atop the bottom solar cell to process future
monolithic tandem devices with more degrees of freedom in the choice
of materials and architectures. The feasibility of this novel fabrication
concept is examined in Chapter 6 with the first prototypes of laminated
perovskite/silicon monolithic tandems solar cells.
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5 Laminated perovskite solar cells

5.2.3 Bridging the gap between regular and inverted
architectures

There are two common architectures for PSCs: regular (n-i-p) and in-
verted (p-i-n). Both architectures employ different CTLs due to com-
patibility constraints of standard fabrication methods. In p-i-n devices,
thermally-evaporated materials such as C60 or its solution-processed
fullerene derivative phenyl-C61-butyric-acid-methyl-ester (PCBM) are
used as ETL, [178,234,235] while NiOx and 2PACz serve as HTL. [176,187]

The n-i-p type architecture typically employs titanium dioxide (TiO2) or
SnO2-np as ETL, [236,237] and Spiro-OMeTAD or PTAA as HTL. [238,239]

Although some materials, such as PTAA, can be deposited on both sides
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Figure 5.6: Concept illustration of the architecture inversion of a top perovskite solar
cell via lamination in a monolithic tandem. Standard n-i-p (left) and p-i-n (right)
orientations are compared. Both architectures are commonly limited by parasitic
absorption at short wavelengths from about 300 to 550 nm caused by the front CTLs,
typically C60 or Spiro-OMeTAD. In contrast, the rear CTLs usually exhibit high
transparency (e.g., NiOx and SnO2). The CTLs causing parasitic absorption should
be placed behind the perovskite film in the optical path to increase the amount of
light reaching the absorber layer.
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5.2 Proof-of-concept solar cells in single-junction architectures

of the perovskite layer, most structures offer only one practical deposi-
tion order. For instance, NiOx is conventionally deposited before the
absorber to prevent sputtering damage. [219] Conversely, C60 is prefer-
ably deposited on top of the perovskite film due to its hydrophobic na-
ture, complicating subsequent solution-based layer depositions. [192,193]

Advances in materials and deposition techniques in n-i-p and p-i-n are
thus difficult to conciliate, resulting in a gap between the development of
the two architectures. [240] In the context of tandem PVs, the architecture
type has important implications for device light management. Front-side
CTLs must exhibit high transmission at short wavelengths to maximize
the current in the top PSC. As illustrated in Figure 5.6, tandem solar
cells in both architectures face problems of high parasitic absorptions
caused in front CTLs, such as C60 in n-i-p and Spiro-OMeTAD in p-i-n
structure. [60–63] Lamination suggests a solution to this challenge, as it
allows variations in the deposition order of functional layers. The prob-
lematic layer can be placed behind the absorber in the PSC, enhancing
the amount of absorbed light for charge carrier generation. The fol-
lowing proof-of-concept experiment demonstrates the feasibility of this
innovative concept in single-junction devices.

Lamination can be used to invert the architecture of single-junction PSCs
by varying the thin-film deposition order. Devices are fabricated in an
n-i-p orientation with a layer stack developed for p-i-n PSCs. The result-
ing n-i-p architecture could not be conventionally produced due to the
incompatibility issues mentioned above. CTL and perovskite processing
remain the same for both architectures, with only the deposition order
on the glass substrate differing. A semi-transparent architecture using a
PEN/ITO superstrate allows a fair comparison with similar CTL/elec-
trode interfaces, as shown in Figure 5.7. A double HTL consisting of
NiOx and 2PACz, and the perovskite absorber are either deposited on
glass/ITO substrates in p-i-n structure or PEN/ITO foils in n-i-p. The
double CTL of C60 and SnOx is processed on the corresponding substrate
or superstrate. The independently prepared half-stacks are subsequently
laminated under the same conditions at 90 °C, 50 MPa for 5 min. By
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Figure 5.7: Proof of concept for varying the order of deposition of materials by
lamination. a) Illustration of the n-i-p, and b) p-i-n architecture. The C60 charge
transport layer (CTL) causing parasitic absorption is either placed before the per-
ovskite film in the optical path (n-i-p) or behind (p-i-n). Devices are illuminated
from the glass side. c) External quantum efficiency (EQE, solid lines), reflectance
(R, dots), and transmittance (T, dashed lines) characterization of champion devices.
The increase in EQE in p-i-n devices, highlighted by an outlined arrow, is attributed
to reduced parasitic absorption losses in the front layers. d) PCE, e) FF, and f) V oc
laminated perovskite solar cells in both p-i-n and n-i-p architectures. Current density-
voltage characteristics are available in reference [182]. Photographs in the inset show
a perovskite film deposited on a PEN/ITO foil (left), which is slightly bent due to
high residual strains, and a glass/ITO substrate (right).

doing so, the CTL causing parasitic absorption (C60) is either placed be-
fore the absorber in the optical path (n-i-p) or behind (p-i-n). Therefore,
this experiment allows the investigation of improving light management
by inverting the layer stack of PSCs using the lamination technique.

Laminated PSCs demonstrate PCEs of 10.3% and 8.5% on average for p-
i-n and n-i-p architectures, as displayed in Figure 5.7d. EQE and optical
characterizations indicate that the improved J sc in p-i-n devices is due
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5.2 Proof-of-concept solar cells in single-junction architectures

to an increased absorption in the wavelength range from 300 to 530 nm
(Figure 5.7c). Conversely, diminished absorption in the n-i-p structure
is attributed to parasitic absorption caused by the front C60 layer, re-
ducing the J sc by 0.8 mA/cm². This finding highlights the crucial role of
the architecture type in light management in PSCs, underscoring careful
consideration when selecting appropriate architecture for optical opti-
mization. Furthermore, while the FF remains unchanged, V oc decreases
by approximately 40 mV on average in n-i-p. An additional experi-
ment is conducted to investigate this reduction, which compares con-
ventional PSCs of the same architecture prepared on PEN/ITO foils or
glass/ITO substrates. Replacing glass with PEN foil results in a similar
decrease in V oc (Table 5.3), suggesting that factors beyond the lamina-
tion process are involved. H. Lai et al. made similar observations and
concluded that the relatively rough PEN/ITO surface affects the uni-
formity of the 2PACz deposition. [241] A possible additional factor is the
higher residual strain in PEN foils, shown in Figure 5.7f, which could
alter the device performance due to the different coating qualities of
both solution-processed 2PACz and perovskite thin films. Nevertheless,
comparably high PCE between the two architectures underlines the po-
tential of lamination in bridging the gap in the development of n-i-p and
p-i-n PSCs. By allowing for variations in the material deposition order,

Table 5.3: PCE, FF, V oc, and J sc of single-junction perovskite solar cells using glass
(11 devices) or PEN foil (13) as substrates. Devices are conventionally fabricated
and comprise ITO/NiOx/2PACz/perovskite/BCP/C60/Au. SD stands for standard
deviation.

PCE (%) FF (%) V oc (V) J sc (mA/cm²)

Glass PEN Glass PEN Glass PEN Glass PEN

Mean 16.7 13.6 72.0 71.0 1.13 1.08 20.7 17.8

SD 0.4 0.2 1.6 0.7 0.01 0.01 0.2 0.2

Minimum 15.9 13.3 69.0 70.0 1.12 1.07 20.3 17.6

Maximum 17.3 14.1 74.0 72.0 1.13 1.09 21.0 18.0
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5 Laminated perovskite solar cells

lamination overcomes severe parasitic absorption in functional layers,
substantially improving the J sc. The feasibility of this technique, which
has now been demonstrated in single-junction solar cells, is investigated
in Section 6.3.4 in perovskite-based tandem devices.

5.3 Hot-pressing conditions for solar cell
lamination

The improved perovskite morphology and crystallinity achieved by ap-
plying high pressures and temperatures are expected to enhance the per-
formance of laminated PSCs. While Section 5.3.1 highlights the critical
role of the temperature for successful device half-stack adhesion, Sec-
tion 5.3.2 investigates the influence of key hot-pressing parameters on
device performance. The hot-pressed perovskite surface also affects light
management in PSCs, which is the focus of Section 5.3.3. Conventional
references are systematically prepared in parallel with laminated devices.
Functional layers are the same in both cases, as illustrated in Figure 5.8.
The front layer stack comprises a glass substrate, an ITO front electrode,
and a double HTL of NiOx and 2PACz. The absorber is a triple-cation

Reference Laminated

ITO
NiOx

2PACz

Glass

Perovskite

Au
PEN foil

C60

BCP

ITO
NiOx

2PACz

Glass

Perovskite
C60

Au
BCP

Figure 5.8: Architecture of conventionally processed references and laminated per-
ovskite solar cells (PSCs). Photographs show representative devices from the Au
electrode from different angles. All functional layers are the same. PEN foils are used
as superstrates to fabricate the rear half-stack in laminated PSCs. Each (16x16) mm
substrate comprises four independent 10.5 mm² active areas.
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perovskite of composition Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 unless
otherwise specified. In laminated PSCs, a PEN foil is used as a su-
perstrate to deposit the Au electrode and a double CTL of BCP and
C60. In references, these functional layers are deposited directly on the
absorber. For clarity, the direct comparison between laminated and ref-
erence PSCs is detailed in a dedicated Section 5.4, highlighting intrinsic
characteristics of the lamination process on materials and interfaces.

5.3.1 Evidence of a temperature threshold for
successful lamination

The hot-pressing temperature plays a pivotal role in the perovskite re-
crystallization process. [148] In state-of-the-art lamination techniques for
PSCs at the perovskite/perovskite interface, high temperatures exceed-
ing 120 °C are employed, [115,150,222] suggesting an implicit minimum
threshold to induce recrystallization. The present study examines lower
temperatures, ranging from 60 to 100 °C, on half-cell adhesion and
device performance of laminated PSCs. Other parameters, such as
pressure and duration, are fixed at 80 MPa and 5 min, respectively.
A 720 nm double-cation absorber is employed with the composition
Cs0.17FA0.83Pb(I0.92Br0.08)3. This material slightly differs from the
triple-cation perovskite used in following sections, showcasing the lami-
nation versatility with different thicknesses and compositions.

Figure 5.9 displays the performance of laminated devices depending on
hot-pressing conditions and corresponding fabrication yields based on a
decision criterion of 10% PCE. At temperatures as low as 60 and 75 °C,
adhesion between half-stacks is insufficient, resulting in non-functional
devices (yield = 0%). Starting at 90 °C, half-stacks adhere together,
leading to laminated PSCs with PCEs of up to 12.6%. Nevertheless, the
fabrication yield remains below 20%. The wide statistical data varia-
tion primarily stems from J sc variations, averaging (6.6±5.2) mA/cm²
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Figure 5.9: Evidence of a minimum temperature threshold for successful lamina-
tion. a) PCE, b) V oc, d) FF, and e) J sc of conventional references (Ref.) and
perovskite solar cells (PSCs) laminated at different temperatures from 60 to 100 °C.
c) Total number of fabricated PSCs and functional devices (green). The correspond-
ing yields are 0% at 60 and 75 °C and increase to 19% and 75% at 90 and 100 °C,
respectively. f) External quantum efficiency (EQE) measurements of a representative
reference (blue), and laminated PSCs at 90 (grey) and 100 °C (green). Correspond-
ing J sc are given in the inset. Current density-voltage characteristics are available
in reference [124].

in J-V characteristics. Interestingly, integrated J sc from EQE measure-
ments reach similar values to references with about 20.8 mA/cm² (Fig-
ure 5.9f). This substantial inconsistency – which disappears at higher
temperatures – is attributed to an inhomogeneous lamination quality
across the active area (≈10.5 mm²), as EQE measurements are con-
ducted on small spots only (0.74 mm x 0.74 mm aperture size). At
100 °C, 75% of the devices are functional with a mean PCE of 15.3%,
on par with conventionally produced references (16.1%).
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5.3 Hot-pressing conditions for solar cell lamination

This temperature variation study highlights numerous critical insights
concerning the lamination process. More than a high pressure of 80 MPa
alone is necessary to unite the two half-stacks. A minimum threshold
in temperature must be exceeded for successful lamination. Heat pro-
vides the required energy to trigger the perovskite recrystallization, en-
abling device half-stack adhesion. These findings are consistent with
existing literature emphasizing the essential role of elevated temper-
atures in recrystallization processes and laminating PSCs at the per-
ovskite/perovskite interface. [115,204–206] For instance, the roughness re-
duction of a hot-pressed perovskite surface was significantly more pro-
nounced than when the same pressure was applied without heat. [139]

This study also underscores the lamination compatibility with different
perovskite compositions and thicknesses, although the suitable process
window may vary: while this double-cation absorber is successfully lam-
inated at 100 °C, the triple-cation perovskite investigated in the fol-
lowing shows promising outcomes already at 85 °C. Recent publications
reinforced this observation by adjusting hot-pressing temperature de-
pending on the absorber composition: e.g., 150 °C for CsPbBr3, [132]

and 90 °C for MAPbBr3, [133] with the same applied pressure of 10 MPa
in both cases. Even multi-cation perovskites exhibit different thermal
sensitivity between 80 and 120 °C, depending notably on the presence
of MA. [151] Therefore, identifying appropriate hot-pressing conditions in
accordance with the absorber composition is essential to achieve efficient
laminated PSCs.

5.3.2 Suitable process window for enhanced device
performance

Laminating PSCs in a suitable process window, i.e. taking into account
the three key hot-pressing parameters, is critical to maximize the de-
vice performance. Two key findings emerged from previous results re-
garding the temperature: While a perovskite-specific minimum thresh-
old must be overcome to allow successful lamination (Section 5.3.1),
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5 Laminated perovskite solar cells

exceeding 100 °C initiates triple-cation perovskite decomposition (Sec-
tion 4.2). These insights have delimited a primary range from 85 to
100 °C for characterizing PSCs as a function of the applied tempera-
ture. Duration and pressure are fixed at 5 min and 80 MPa, respec-
tively. Results displayed in Figure 5.10a show that the investigated
range yields high-efficiency PSCs of up to 17.1%. An analysis of vari-
ance (ANOVA) indicates no statistical significance at the 0.05 α-level in
a PCE improvement with increasing lamination temperatures. The FF,
V oc, and J sc, summarized in Table 5.4, appear independent of temper-
ature variations in this range. In particular, outstanding FFs of about
77% are achieved at both range limits of 85 and 100 °C. These FF values
are significantly higher than those attained with state-of-the-art lam-
ination techniques for PSCs, with only a few reports overcoming the
70% milestone. [115,166,204,205,242,243] An open question remains regard-
ing the lamination of PSCs at temperatures exceeding 100 °C, where
larger perovskite grains are obtained (Section 4.3.1), possibly enhancing
device performance. Hence, an additional study is conducted within an
extended range to 120 °C, as presented in Figure 9.5, Appendix. Lami-
nated PSCs at 105 °C and above encounter a severe decline in V oc from
1.08 V at 90 °C to 1.03 and 1.01 V at temperatures of 105 and 120 °C,
respectively. Reduced V oc is attributed to the perovskite decomposition
above 100 °C, as defects in the crystal lattice constitute one of the pre-
dominant pathways for non-radiative recombination. [244,245] Overall, the
average V oc of 1.09 V for temperatures under 100 °C (Table 5.4) exceeds
those obtained in PSCs laminated at the perovskite/perovskite interface
(around 1.02 V). [115,146,150,204–206,222] This improvement might be ex-
plained by the lower temperatures than those used elsewhere (≥120 °C).
Lower temperatures effectively prevent degradation while yielding effi-
cient PSCs and expanding the range of compatible materials for func-
tional layers.

Insights evidenced in Chapter 4 delimited an initial interval for inves-
tigating lamination time on PSC performance. Increasing duration sig-
nificantly reduces the perovskite RMS surface roughness, predominantly
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Figure 5.10: Performance of laminated perovskite solar cells depending on hot-
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The performance of references (Ref.), conventionally fabricated in parallel to enable
comparison, highlight some inevitable batch-to-batch variations. Current density-
voltage characteristics are available in reference [123].

between 5 and 30 min, and exceeding an hour leads to material decompo-
sition. Figure 5.10b displays the PCE of PSCs laminated for 5 to 30 min
in comparison with conventional references. Pressure and temperature
are fixed at 80 MPa and 90 °C, respectively. Laminated PSCs demon-
strate outstandingly high PCEs for a short time of 5 min, averaging
at 16.6%. Although the J sc and FF remain approximately constant for
5 and 15 min, longer durations appear detrimental to device performance
(Table 5.4), in consistency with existing literature. [243] ANOVA test indi-
cates that exceeding 5 min results in a statistically significant V oc reduc-
tion at the 0.05 α-level. A short duration of 5 min, therefore, not only
accelerates device fabrication but also benefits the PSC performance.
Compared to an average hot-pressing of 20 min, [115,144,150,204–206] 5 min
is substantially faster than other state-of-the-art lamination techniques
for PSCs using perovskite recrystallization.

Another key lamination parameter is the pressure applied. In that re-
gard, this work previously highlighted that a minimum of 50 MPa is
required to improve perovskite surface morphology, and pressures of
more than 100 MPa are unnecessarily high (Section 4.3.2). The sub-
stantially higher pressure level compared to other laminated PSCs using
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5 Laminated perovskite solar cells

perovskite recrystallization (<10 MPa), [115,150,222] raises the question of
whether such elevated pressures might cause damage within the device
layer stack. To answer this question, a study within the range from 50 to
100 MPa is performed at a fixed temperature and duration of 90 °C and
5 min, respectively. Figure 5.10c shows the achieved PCE of PSCs. Re-
markably, high PCEs are demonstrated, averaging at 16.1%, with an
excellent V oc of 1.11 V. The champion device, laminated at 80 MPa,
exhibits an outstanding PCE of 17.4%. It is noted that the standard
deviation in all J-V characteristics is progressively reduced by increasing

Table 5.4: FF, V oc, and J sc of conventional references (Ref.) and laminated per-
ovskite solar cells under different hot-pressing conditions. Temperature (33 devices),
duration (26), and pressure (34) are investigated in separate batches. The perfor-
mance of conventionally fabricated references is a concatenation of three batches pre-
pared in parallel (35 devices in total). SD, min., Max. stand for standard deviation,
minimum, and maximum value, respectively. Unless otherwise specified, tempera-
ture, pressure, and processing duration are fixed at 90 °C, 80 MPa, and 5 min. The
data can be visualized in reference [123].

FF (%) V oc (V) J sc (mA/cm²)

Mean (SD) Min/Max Mean (SD) Min/Max Mean (SD) Min/Max

Ref. 74.9 (2.0) 68.3/78.2 1.06 (0.02) 1.04/1.1 20.8 (0.4) 20.3/21.6

85 °C 71.1 (3.4) 66.0/76.7 1.08 (0.01) 1.06/1.10 20.2 (0.5) 19.6/21.0

90 °C 71.5 (2.6) 66.3/73.9 1.07 (0.01) 1.06/1.08 20.6 (0.4) 19.7/21.0

95 °C 73.8 (1.3) 71.7/75.2 1.08 (0.01) 1.06/1.10 20.7 (0.5) 19.7/21.1

100 °C 72.7 (3.2) 66.6/76.5 1.07 (0.01) 1.05/1.08 20.7 (0.2) 20.4/20.9

5 min 73.2 (4.0) 66.3/77.0 1.09 (0.01) 1.08/1.10 20.8 (0.3) 20.5/21.2

15 min 73.2 (3.9) 64.4/76.7 1.08 (0.01) 1.06/1.09 20.3 (0.8) 19.0/21.3

30 min 71.6 (3.0) 66.1/76.7 1.08 (0.01) 1.07/1.10 20.6 (0.2) 20.4/20.9

50 MPa 69.7 (3.7) 63.4/73.7 1.11 (0.02) 1.07/1.12 20.6 (0.2) 20.3/21.1

80 MPa 72.6 (2.9) 68.0/77.5 1.11 (0.01) 1.10/1.12 20.2 (0.5) 19.3/21.0

100 MPa 70.3 (1.8) 67.8/72.2 1.10 (0.01) 1.10/1.12 20.6 (0.2) 20.4/20.8

98
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pressure. This improvement might indicate an enhanced homogeneity in
the lamination quality and supports the hypothesis that higher pressures
lead to more uniform hot-pressed perovskite surfaces.

In summary, these results demonstrate the repeatability of the lami-
nation process, indicate a certain degree of batch-to-batch variations,
and outline an appropriate process window. Temperatures between 85
and 100 °C and pressures from 50 to 100 MPa applied for 5 min are
suitable for fabricating high-efficiency PSCs using this triple-cation per-
ovskite absorber. With PCEs above 17%, this technique is one of the
most performant among state-of-the-art methods (Table 9.2, Appendix).
Furthermore, three critical findings were underscored: i) Limiting the
temperature to 100 °C enhances device performance while broadening
the range of compatible materials, facilitating future research in novel
architectures; ii) Higher pressures (80-100 MPa) might be favorable to
reduce the output variability; iii) An extended lamination negatively
affects the V oc. Hot-pressing duration is limited to 5 min, enabling
outstanding FF and V oc compared to state-of-the-art techniques while
accelerating the fabrication throughput. Further studies could explore
even shorter durations and target instant lamination. It is also noted
that laminated PSCs exhibit similar performance to conventional refer-
ences, with a systematically higher V oc (Table 5.4), highlighting that
they not only withstand hot-pressing without evident signs of degrada-
tion but might benefit from it. The substantial V oc enhancement is
one of the additional advantages of this fabrication process and merits a
dedicated discussion in Section 5.4.

5.3.3 Lamination process implications in device light
management

A smoother perovskite surface after recrystallization is likely to change
its reflectivity and, consequently, the light management of the solar
cell. [242,246–248] The recrystallization is dependent on the temperature,
pressure, and duration applied during the hot-pressing process. EQE
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5 Laminated perovskite solar cells

measurements are conducted on laminated PSCs under different con-
ditions to characterize their spectral responses. These measurements
also confirm previous J sc values extracted from J-V characteristics (Ta-
ble 5.4). Integrated J sc from EQE are, indeed, less sensitive to un-
certainties in the exact active area arising, e.g., from a half-stack mis-
alignment. Figure 5.11 indicates that J sc values might fluctuate from
batch to batch but are generally unaffected by temperature variations.
Increasing pressure and time, however, progressively decreases the J sc.
At 5 min, the J sc is 20.6 mA/cm² and decreases to 20.2 mA/cm² for
a 30 min long lamination. This reduction is consistent with the statis-
tical data provided in Table 5.4. Overall, J sc values are comparable to
those obtained with state-of-the-art lamination techniques for fabricat-
ing opaque PSCs. [206,242,249] Reported semi-transparent laminated solar
cells usually achieve higher J sc exceeding 22 mA/cm², which is primarily
attributed to significantly thicker double perovskite layers from 600 to
800 nm. [115,150] Using thicker films is an established strategy for enhanc-
ing the current in single-junction PSCs. However, this approach may not
be suitable for tandem applications. With a current thickness of 370 nm,
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Figure 5.11: External quantum efficiency (EQE) of laminated perovskite solar cells
depending on hot-pressing conditions. a) EQE of representative devices as a function
of the applied temperature, b) processing duration, and c) pressure. Each parameter
is independently varied. Insets show the integrated J sc. Outlined arrows highlight
a shift in EQE signal at wavelengths from 600 to 750 nm, which becomes more
pronounced with a longer lamination and higher pressures. These shifts are attributed
to a progressive reduction of the perovskite roughness triggered by the hot-pressing
process. Adapted from reference [120] with the permission of Wiley.
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5.4 Laminated perovskite solar cells on par with conventional references

perovskite/silicon tandem solar cells can already attain current-matching
conditions, as discussed in Section 6.3.3.

Reduced J sc observed in PSCs laminated for long times and elevated
pressures are caused by a shift in the spectral response near the per-
ovskite bandgap from 600 to 750 nm, as illustrated in Figure 5.11. Such
interference patterns suggest a variation in absorber thickness. [172] How-
ever, no change in thickness was evidenced even after several hot-pressing
steps in Section 4.4. The amplitude of the EQE signal shift seems to
correlate with the degree of reduction in perovskite surface roughness.
Indeed, the shift is accentuated as lamination duration increases, which
perfectly mirrors changes in reflectance (Figure 9.6, Appendix), while a
progressive decrease in RMS roughness is noticed from about 10 to 2 nm
for 5 and 30 min, respectively (Section 4.3.2). The EQE signal shift is less
pronounced when pressure varies from 50 to 100 MPa, which aligns with
expectations as the RMS roughness only decreases from about 6 to 4 nm
in this range. Temperature variations, which did not affect perovskite
roughness, also show no influence on light management in laminated
PSCs, in consistency with existing literature using a similar hot-pressing
process. [143] These results underscore a correlation between the interfer-
ence patterns at long wavelengths and the smoother perovskite surface.
Diffuse reflectance measurements provided in the following further rein-
forced this hypothesis.

5.4 Laminated perovskite solar cells on par
with conventional references‡

Laminated PSCs are here systematically compared with conventional
references of identical architecture, highlighting the influence of hot-
pressing processes on materials and interfaces. Functional layers are
kept the same to allow a direct comparison. Still, three fundamental
aspects that might affect the comparison, regardless of the architecture,
must be acknowledged, as outlined in the following.
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5 Laminated perovskite solar cells

1. Laminated devices are covered by a PEN foil, which is used as a
superstrate for depositing the rear electrode and CTLs. An indirect
access to the rear electrode beneath the PEN foil requires a more
intricate contacting technique, which can result in higher resistive
losses.

2. Laminated PSCs exhibit some uncertainty in their active area, aris-
ing from i) minute alignment shifts, modifying the half-stack over-
lap, and ii) edges that may not be precisely defined due to minor
processing variations, such as shadow-mask effects during metal
evaporation.

3. Although lamination is conducted under an isolated, N2-filled
chamber, the machine is outside a glove box in an ambient atmo-
sphere. As a result, the samples are assembled in an environment
that exposes them to particles, oxygen, and humidity, which are
known triggers of perovskite degradation.

While these factors may lead to higher statistical data variability in
laminated PSCs, this comparison is a first step in determining whether
this manufacturing process can compete with standard methods in terms
of device performance.

The following comparison between references and laminated PSCs is
based on the concatenation of three previous parameter studies from
Section 5.3 and totalizes 40 laminated devices and 34 references. All
laminated devices considered in this analysis are fabricated using identi-
cal temperature (90 °C), pressure (80 MPa), and duration (5 min). Both
champion PSCs achieve outstanding PCEs of 17.5% (Figure 5.12a), with
stable power output. [120] The laminated PSC exhibits a V oc of 1.10 V,
a FF of 76.6%, and a J sc of 20.7 mA/cm². While the remarkable over-
lap of J-V characteristics indicates equivalent device performance, two
aspects should be underlined: The laminated device exhibits a higher
V oc (+20 mV) compared to the reference, which compensates for a
slight FF reduction (-1.2%abs). The J sc remains the same in both
cases. This observation is consistent with a previous report showing
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Figure 5.12: Conventionally processed references and laminated perovskite solar
cells (PSCs) in comparison. a) Current density-voltage characteristics, and b) exter-
nal quantum efficiency (EQE) of the champion perovskite solar cells (PSCs). Diffuse
reflectance is measured on an identical layer stack. Outlined arrows highlight an EQE
signal shift and reduced diffuse reflectance, attributed to the smoother perovskite sur-
face after lamination. The inset shows atomic force microscopy images of hot-pressed
and pristine perovskite films. The scale bar corresponds to 1 µm. c) PCE of laminated
PSCs on par with conventional references. d) Intensity-dependent characterization of
implied V oc of representative devices. The V oc enhancement in laminated devices
aligns with the increased implied V oc, indicated by an outlined arrow. n id stands
for ideality factor. Adapted from reference [120] with the permission of Wiley.

that PSCs with pristine and hot-pressed perovskites demonstrate sim-
ilar J sc despite harsh processing conditions (up to 250 °C). [143] EQE
measurements of champion devices, displayed in Figure 5.12b, reveal a
peak shift discernible at long wavelengths from 600 to 750 nm near the
perovskite bandgap. At first, such interference patterns suggest a vari-
ation in absorber thickness. [172] However, we did not find evidence of
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5 Laminated perovskite solar cells

changes in thickness after hot-pressing. The EQE signal shift is remi-
niscent of findings presented in Section 5.3.3, where a correlation with
reduced perovskite roughness in laminated PSCs is emphasized. That
a smoother surface with larger grains modifies the EQE characteristics
aligns with existing literature. [247,248] This hypothesis is further substan-
tiated by optical characterization, which reveals less diffuse reflectance,
dropping from 31%abs in references to 8%abs in laminated devices at
the 950 nm wavelength. Reduced diffuse reflectance is characteristic of
planar surfaces, which inherently reduce light scattering. These results
demonstrate that despite comparable device performance, the impact of
lamination on the perovskite absorber and its enhanced surface morphol-
ogy can still be discerned.

The two champion devices are representative of a broader statistical data
set depicted in Figure 5.12c. Laminated PSCs achieve comparable PCEs
to references, averaging 16.2%. Furthermore, a total fabrication yield of
about 80% functional devices – with PCEs exceeding the 14% criterion
– is obtained across three batches, reaching up to 94% within a single
batch. A high yield indicates the reliability and homogeneity of the hot-
pressing process, emphasizing its potential to match the performance of
conventional methods. Furthermore, from an apparent reduced FF in
laminated PSCs (Table 5.5), two features must be distinguished: On the
one hand, Rseries are significantly higher, and the statistical data varia-
tion is noticeable, which are both attributed to the more intricate con-
tacting procedure. On the other hand, laminated devices demonstrate
a substantially higher Rshunt, in consistency with observations from Li
et al. [207] A possible explanation is the prevention of metal diffusion
through pinholes during the thermal evaporation of the metal electrode
– typical for standard fabrication methods. The formation of possible
shunt paths is limited as the Au electrode is not directly deposited on
the layer stack. Higher Rshunt might also be related to more continuous
CTLs through a facilitated deposition on smooth superstrates compared
to sequential processing on rough perovskite surfaces, as suggested in
a previous report. [206] Indeed, we measured an RMS roughness of only
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5.4 Laminated perovskite solar cells on par with conventional references

Table 5.5: FF, V oc, J sc of references (34 devices) and laminated perovskite solar
cells (40) presented in Figure 5.12. SD, Min. and Max. stand for standard deviation,
minimum, and maximum values, respectively.

FF (%) V oc (V) J sc (mA/cm²) Rseries (Ω) Rshunt (kΩ)

Ref. Lam. Ref. Lam. Ref. Lam. Ref. Lam. Ref. Lam.

Mean 74.9 72.1 1.06 1.09 20.8 20.4 68 115 66 147

SD 2.0 3.0 0.02 0.02 0.4 0.5 7 30 52 203

Min. 68.3 66.3 1.04 1.06 20.3 19.3 56 69 9 14

Max. 78.0 77.5 1.09 1.12 21.6 21.0 85 181 231 935

2 nm on Au layers evaporated on PEN foils, significantly smoother com-
pared to about 20 nm of pristine perovskite films. The current device
active area aligns with the 0.1 cm² average size for state-of-the-art lam-
ination techniques. [115,166,197,200,204–206,242,249] Nonetheless, Yadavalli et
al. recently reported that high Rshunt of laminated devices is retained
even over larger areas, increased from 0.1 to 1.15 cm². [206] Wu et al.
also demonstrated the ability to produce a 25 cm² large module with a
lamination process using perovskite recrystallization. [205] Improved per-
ovskite/CTL interface and reduced typical shunt paths in the PSC make
this technique particularly interesting for upscaling. As pinholes and in-
homogeneities in the absorber are usually challenging on large substrates,
lamination addresses one critical aspect of upscaling the perovskite-based
PV technology. [250]

Laminated PSCs also demonstrate a 30 mV higher V oc on average
than references, as Table 5.5 summarizes. PLQY measurements, dis-
played in Figure 5.12d, reveal that the V oc improvement closely aligns
with a higher implied V oc. Reduced n id indicates less contribution
of non-radiative recombination losses in laminated PSCs. [55] These re-
sults are in line with PLQY measurements conducted on hot-pressed
perovskites (Section 4.5), suggesting that the increased V oc can be at-
tributed to i) the enhanced surface morphology exhibiting larger grains
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and a smoother surface, and ii) the superior perovskite/C60 interface
quality through a decreased surface area. In conclusion, the lamination
technique can perform equivalently to standard methods with promising
additional advantages, such as a significant V oc and Rshunt enhancement.
Despite the harsh hot-pressing conditions, functional layers and inter-
faces remain of high quality. This is particularly interesting, as we use
significantly higher pressure, lower temperatures, and shorter times than
state-of-the-art lamination techniques, reporting <10 MPa, ≥120 °C, and
a 20 min hot-pressing duration on average. [115,146,150,204–206,222] Increas-
ing the duration or temperature for our process thus appears unneces-
sary, facilitating the device fabrication and accelerating the throughput.
Under such hot-pressing conditions, the enhanced perovskite morphol-
ogy veritably benefits the overall device performance.

5.5 Shelf-life stability of laminated solar cells‡

The stability of PSCs over time remains a critical challenge that must be
addressed for future industrial applications. Stress factors are classified
as either i) intrinsic, triggered by light exposure, temperature variations,
and electrical bias, or ii) extrinsic, governed by interactions with ambient
species such as oxygen and moisture. [64] While encapsulation targets so-
lar cell protection from extrinsic factors, [251] recent research emphasized
a significant influence on device intrinsic stability of the perovskite com-
position, [252] morphology, [253] and device architecture, including passi-
vation techniques. [55] Here, long-term measurements are performed on
laminated PSCs to test the hypothesis that a hot-pressed absorber im-
proves the device intrinsic stability. Devices are compared to conven-
tional references with the same architecture to distinguish the contri-
bution of the lamination technique from the material selection. In this
comparison, the possible direct encapsulation of devices must be consid-
ered. Because functional layers are sandwiched between the sub- and
superstrates, sensitive materials are possibly protected from extrinsic
degradation factors. However, the sides of solar cells remain exposed
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(lateral permeation). Given the unknown barrier properties of this par-
tial encapsulation, all stability studies in this work are conducted in an
inert atmosphere.

The consensus statement based on ISOS procedures for stability assess-
ment and reporting for perovskite-based PVs proposes different levels of
sophistication. [64] The simplest standardized ISOS-D-1-I protocol refers
to the shelf-life stability of devices stored in the dark, in an inert atmo-
sphere, at room temperature, and in open-circuit conditions, as summa-
rized in Table 5.6. This protocol is often a starting point for stability
assessment in the literature, as it provides insights into the intrinsic sta-
bility of solar cells subject to time only, enables testing an unlimited
number of devices, and because storage conditions can be carefully con-
trolled and reproduced in any laboratory. [254–258] The primary focus of
this work is a comparative stability study of references and laminated
PSCs using this ISOS-D-1-I protocol. A more robust test of the high
operational stability for laminated devices is also presented, testing the
combined effects of light and heat during MPP tracking, corresponding
to the established ISOS-L-2-I protocol introduced in Section 5.2.1. Fur-
ther comparative studies to fully assess the device stability over time,
including exposure to temperature, light, and electrical bias, can be un-
dertaken to demonstrate devices withstand operating conditions in real-
world applications.

The first shelf-life stability study is performed on laminated and refer-
ences PSCs over 100 days. Figure 5.13a displays the device performance
evolution over time. Remarkably, laminated PSCs maintain their initial
PCEs throughout 100 days without any sign of degradation. In con-
trast, references experience a rapid deterioration, with a PCE decrease
of 20%rel within the first 40 days. J-V characteristics of references in
Figure 9.7, Appendix, reveal an evident S-shape, systematically emerg-
ing over time and impacting all J-V characteristics: The FF and J sc

decline by approximately 30%rel at t = 100 days compared to their ini-
tial values. Additional photoluminescence measurements are provided
in Figure 5.14 to illustrate the degradation process. Here, the stability
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study is reproduced with laminated and reference PSCs characterized
before and after an aging period of 130 days under identical ISOS-D-1-I
storage conditions. The most prominent observation is the emergence
of inhomogeneous areas in reference PSCs, which were initially uniform.
This degradation pattern is not reflected in laminated devices. Similar
results were reported by Li et al., [207] demonstrating that PSCs with a
transferred Au electrode are more stable than conventionally prepared
devices of the same architectures stored over 100 days in N2 and in the
dark. The different layer quality and growth of the Au rear electrode and
ETLs could be contributing factors. In the lamination technique, these
thin films are thermally evaporated on the PEN foil and not directly
onto the absorber, as in standard methods. This fundamental difference
might prevent critical proximity between the perovskite and Au through
more continuous layers, limiting Au migration and providing enhanced
intrinsic stability to devices. [259–263]

Table 5.6: Storage conditions of perovskite solar cells according to the ISOS-D-1-I
protocol for testing shelf-life device stability. [64]

ISOS protocol D-1-I

Atmosphere Inert atmosphere, N2 (O2<1 ppm; H2O<1 ppm)

Temperature Ambient (25 °C)

Light OFF

Bias voltage OFF (open-circuit condition)

Considering the outstanding shelf-life stability of laminated PSCs, the
study is prolonged to one year. Ten previously studied devices (Sec-
tion 5.4) are re-measured after a storage compliant with the ISOS-D-1-I
protocol. All PSCs retain their initial efficiency, with an average PCE
of 16.6%, a FF of 76%, a V oc of 1.10 V, and a J sc of 20.5 mA/cm²
at t = 1 year. In particular, the champion device maintains its initial
PCE of 17.6%, as shown in Figure 5.13c. One year is an unprece-
dented period of time for examining the stability of laminated PSCs,
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Figure 5.13: Thermal and long-term stability studies of laminated perovskite solar
cells (PSCs). a) PCE evolution over 100 days of laminated devices (3 devices) and
references (3) stored according to the ISOS-D-1-I protocol and measured with a bi-
weekly interval. These devices are representative of the complete study – available
in [124] – based on a total of 24 solar cells, measured after preparation (t = 0), at
mid-term, and after 100 days. Initial PCEs (PCEinitial) of laminated and reference
PSCs are (16.0±0.8)% and (17.4±0.3)%, respectively. b) J-V characteristics of the
champion PSC measured before (t = 0), and c) after a year. d) Maximum power point
tracking of a representative laminated PSC at 80 °C under continuous illumination
over 100 h. These measurement conditions are based on the ISOS-L-2-I protocol
introduced in Section 5.2.1. Adapted from reference [120] with the permission of Wiley.

with studies limited to a few days or a month in the liter-
ature. [115,146,166,196,203–207,264–270] This period also corresponds
to one of the longest stability reported for conventional PSCs
(10 000 h). [271] The electrode transfer technique does not sys-
tematically yield devices more stable over time than conventional
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references, [267] which implies that another factor probably contributes
to the improved shelf-life stability of laminated PSCs in addition to the
less critical proximity between the electrode and absorber. Improved
perovskite morphology after the hot-pressing step can also play a role.
As previously reported, enlarged grains and a smoother surface likely
contributed to enhanced long-term device stability, [253,272–274] includ-
ing when this absorber quality was achieved via hot-pressing. [144] This
explanation complies with observations from Wu et al., showing that
smaller grains resulted in a faster degradation compared to larger grain
absorbers obtained with a similar lamination procedure. [205]
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Figure 5.14: Photoluminescence (PL) images of representative references and lami-
nated perovskite solar cells (PSCs) before and after 130 days of storage in ISOS-D-1-I
conditions. Four solar cells are located on each substrate. The active area of one PSC
(10.5 mm²) is underlined with a dashed rectangle. Inhomogeneous areas emerge in ref-
erences over time, as highlighted by circles. This pattern is not reflected in laminated
PSCs. PL intensity is measured through the glass side. Adapted from reference [120]

with the permission of Wiley.

Temperature and light can induce or accelerate harmful chemical re-
actions, leading to perovskite decomposition and defect formation. [64]

Recent studies established that prolonged illumination can cause ion
diffusion, degradation of organic CTLs, and material interaction with
adjacent functional layers. [268,275,276] Figure 5.13d displays a long-term
measurement combining continuous light and heat exposure. A repre-
sentative laminated PSC demonstrates robust thermal stability at 80 °C
during 100 h under constant illumination, maintaining 93% of its ini-
tial PCE. This thermal stability study is successfully reproduced with
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5.5 Shelf-life stability of laminated solar cells

an eight-month-aged device, which retains 98% of its initial PCE after
MPP tracking over 70 h at 80 °C under continuous illumination (Fig-
ure 9.8, Appendix). Self-encapsulation of laminated PSCs is expected
to prevent the outgassing of volatile chemical components from the hot-
pressed perovskite absorber at high temperatures. [206] Even when PSCs
are exposed to moisture, [146] the self-encapsulation also provided an ad-
ditional protection barrier. Therefore, the possible direct encapsulation
feature should not be underestimated in the enhancement of laminated
device stability over time. Nevertheless, further investigations are re-
quired to fully assess the encapsulation properties of PEN foils. Overall,
given that elevated temperatures are crucial aspects of real-world out-
door conditions and accelerated degradation tests, the promising thermal
stability of laminated PSCs at 80 °C is particularly encouraging.

Although the studies were conducted under inert conditions, the remark-
able shelf-life and thermal stability of laminated PSCs represent a signif-
icant step toward understanding perovskite stability and underscore the
potential for further advancements in the field. In summary, enhanced
stability over time compared to conventional references using the same
architecture is attributed to i) the improved morphology of the hot-
pressed perovskite absorber, ii) the prevention of critical proximity be-
tween the absorber and Au through more continuous layers, and iii) the
potential barrier function of the PEN foil superstrate, preventing volatile
chemical components from escaping under device operation conditions,
as observed in encapsulated devices. [251,277] In addition to intrinsic char-
acteristics of the lamination process, increased freedom in the choice of
materials can also benefit the stability of perovskite-based PV over time.
In that regard, numerous reports focused on replacing Au and Ag metal
electrodes – susceptible to diffuse and react with functional layers –
with carbon-based materials, decreasing fabrication costs and improving
operational device stability. [278–281] The choice of CTLs is also critical,
with all-inorganic architectures typically conferring superior stability to
laminated PSCs over time, [14,206] as discussed in Section 5.2.1. These
features render lamination promising to produce intrinsically stable
devices with enhanced freedom in the material combination.
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5 Laminated perovskite solar cells

5.6 Summary

Lamination offers additional degrees of freedom in the fabrication of
PSCs through decoupled processing in two independent half-stacks. As
device architecture is known to play a pivotal role in PSC operational
stability and upscaling feasibility, this technique may be relevant to sup-
port research in addressing remaining challenges of this technology. This
work presents several proof-of-concept laminated devices that showcase
the application versatility, enabling architectures that would be difficult
or impossible to fabricate conventionally. Various materials for CTLs,
electrodes, and the perovskite composition and thickness in PSCs were
explored. The first study illustrates that lamination can specifically tar-
get the thermal stability of the devices. Established inorganic CTLs
are effectively combined, resulting in a unique architecture. With this
combination of inorganic CTLs, the champion device retained 97% of
its initial PCE after 10 h at 80 °C under continuous illumination. This
result is consistent with our previously reported findings, which demon-
strated for the first time that laminated PSCs can maintain their power
output under these conditions. [14] In addition, by replacing the opaque
rear electrode with a transparent contact, semi-transparent PSCs are
successfully laminated, a cornerstone for tandem applications. A final
proof-of-concept device demonstrates that the thin-film deposition se-
quence – severely restricted by standard techniques – can be varied with
lamination. The same device architecture is produced in either p-i-n or
n-i-p deposition order while achieving comparable PCEs, bridging the
gap between two distinct development routes for single-junction PSCs.
These prototypes demonstrate that lamination can readily support re-
search in the perovskite-based PV field. Numerous architectures become
accessible, facilitating the choice of i) materials that provide enhanced
operational stability, ii) scalable processing techniques, and iii) deposi-
tion order that eases the device fabrication.

The successful fabrication of these unique laminated PSCs builds on a
fundamental understanding of the hot-pressing process acquired in this
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work. Empirical studies outlined a suitable parameter range for lami-
nating efficient PSCs. One key finding is a perovskite-specific minimum
temperature threshold to trigger half-stack adhesion. Applying high
pressure alone is insufficient. The final process window spans from 85 to
100 °C and 50 to 100 MPa for a short treatment time of 5 min. The
effects of hot-pressing on the perovskite morphology are visible in lami-
nated PSCs. Optical characterizations reveal reduced diffuse reflectance,
indicating less light scattering inherent to a smoother absorber layer.
The smoother perovskite surface also changes the spectral device light
management with a slight shift in the EQE signal. However, no par-
ticular absorption losses are noticed, and the integrated J sc remains
unchanged compared to the references. Moreover, laminated PSCs con-
sistently demonstrate higher implied V oc and lower n id, indicating re-
duced dominance of non-radiative recombination. Mitigation of these
losses is attributed to the improved perovskite morphology and interface
with the adjacent CTL of C60. Laminated PSCs also exhibit outstand-
ing shelf-life stability, retaining their initial PCE after one year of ag-
ing, while references of the same architecture rapidly degrade. Stability
over a year is a milestone in perovskite technology and aligns with the
longest studies reported for PSCs. Even at high temperatures of 80 °C
and under continuous illumination, devices demonstrated good thermal
stability for up to 100 h. The enhanced intrinsic stability is attributed
to the recrystallized perovskite morphology and limited critical proxim-
ity with functional layers susceptible to reacting with the absorber over
time, e.g., gold diffusion mechanisms. Additionally, the PEN foil used
as a superstrate during processing can be seen as a possible PSC en-
capsulant, preventing volatile chemical components from escaping. This
possible direct device encapsulation is an additional feature of the lami-
nation technique, an advantage for future integration in production lines.
Therefore, lamination by hot-pressing benefits PSC performance and sta-
bility over time while remaining an industry-relevant process.

Laminated PSCs achieve high PCEs of up to 17.5%, on par with the con-
ventional references prepared in parallel. For the first time, an absorber
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Figure 5.15: PCE chart of laminated perovskite solar cells since 2010. The most
common technique is the electrode transfer, often used to deposit a carbon-based
electrode on a pre-fabricated layer stack. Only a few research groups focused on
the recrystallization of two hot-pressed perovskite layers to unite the device half-
stacks. Reported PCE in publications derived from this work are highlighted with
blue stars. [14,120]

material suitable for tandem application is used, compared to state-of-
the-art lamination techniques via perovskite recrystallization, typically
employing the archetypal MAPbI3 composition. The achieved PCE was
one of the highest for laminated perovskite solar cells at publication,
as illustrated in Figure 5.15. Now exceeding 20% of PCE, recent ad-
vancements highlight the growing interest in this technique and justify
further investments in closing the efficiency gap towards record-breaking,
conventionally-produced PSCs. Hence, lamination provides unique op-
portunities to address the remaining challenges of perovskite technology,
especially the insufficient long-term device stability, by facilitating the
exploration of new materials and layer combinations for PSCs. The po-
tential of this technique in the future development of perovskite-based
PVs, including tandems, is further discussed in the following.
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tandem solar cells

Enhancing solar cell performance for high power output can lower the
LCOE of PVs. A strategy to advance the PCE of the established sili-
con technology consists of stacking a complementary solar cell atop to
reduce thermalization losses. Although significant milestones have re-
cently been achieved in this field, research in new materials and layer
deposition techniques is still required to enhance the PCE and stability
while facilitating fabrication of tandem devices. Lamination can offer
higher flexibility in the choice of materials and individual subcell pro-
cessing, addressing typical challenges of multi-layer designs. This chap-
ter explores the potential of this technology to manufacture monolithic
perovskite/silicon tandem PVs.
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6.1 Introduction

This work investigates the suitability of the lamination technique for
manufacturing monolithic perovskite/silicon tandem solar cells. First
prototypes are presented in Section 6.2, demonstrating the concept fea-
sibility. Following this achievement, a thorough performance analysis
is conducted to evaluate the proof-of-concept solar cells compared to
conventional devices. Main areas of improvement are identified, paving
the way for further refinement. Two major challenges in multi-layer
designs of perovskite/silicon tandems are achieving a current-matching
condition, and reducing parasitic absorption losses. Beyond established
strategies of tuning perovskite bandgap and thickness to reach a current-
matching condition, lamination offers new possibilities introduced in Sec-
tion 6.3. Notably, the increased freedom in the choice of material and
deposition order of functional layers allows for a substantial reduction in
parasitic absorption losses and enhancement in the photocurrent.

State-of-the-art mechanical stacking techniques for
perovskite-based tandem solar cells

Monolithic tandem solar cells are particularly attractive for decreasing
LCOE compared to the current market leader silicon-based PVs, and
numerous reports intend to optimize the PCE and operational stabil-
ity of perovskite/silicon tandems. [102,233,283–285] As in single-junction
PSCs, the selection of functional layers – perovskite absorber, CTLs,
and electrodes – is crucial for tandem performance. Device architectures
require fine-tuning to achieve current-matching requirements, [102,286] re-
duce parasitic absorption losses, [60,101] and enhance charge carrier ex-
traction. [287–289] However, standard methods restricts the choice of mate-
rials and processing techniques for the top PSC, as each deposition must
preserve the underlying layer stack, including the bottom cell. Several
factors determine the compatibility of materials and deposition condi-
tions for PSC fabrication. In tandem PVs, TCO sputtering processes
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Figure 6.1: Mechanical stacking techniques for fabricating monolithic perovskite/sil-
icon tandem. a) Adhesive bonding uses a transparent conductive adhesive (TCA) to
connect two subcells in series. b) The metal grid bonding technique involves super-
posing the subcells to connect the silicon solar cell front electrode with the perovskite
solar cell (PSC) rear contact. A metal grid (optional) is introduced to improve junc-
tion conductivity. The light that is not absorbed by the top PSC (in infrared wave-
lengths) is transmitted through the TCA or air gap to the silicon subcell, respectively,
as illustrated by red arrows.

are particularly challenging and cannot be directly performed on the
perovskite absorber, requiring additional buffer layers. [191] Furthermore,
typical post-deposition treatments to enhance the optoelectronic charac-
teristics of TCO electrodes require elevated temperatures (≥250 °C for
ITO) exceeding the thermal tolerance of functional layers, e.g., about
200 °C for SHJ solar cells. [290]

Alternative technologies to the previously discussed hot-pressing process
include mechanical stacking for monolithic perovskite-based tandems.
These so-called bonding techniques have been investigated to increase
the degree of freedom in solar cell architectures, uniting two indepen-
dent subcells in a final fabrication step. Some methods use transparent
conductive adhesives (TCA) to connect subcells in series, while the trans-
parency of the adhesives allows the transmission of infrared wavelengths
for absorption in the bottom cell (Figure 6.1a). [147,164,291–293] Such adhe-
sives allow for PCEs exceeding 30% in monolithic perovskite/silicon tan-
dem solar cells. [164] Others connect the two subcells by directly contact-
ing the PSC rear electrode with the bottom cell front electrode. [94,294–297]

The junction conductivity can be improved with metal grids, as depicted
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6 Laminated perovskite/silicon tandem solar cells

in Figure 6.1b, enabling PCEs of more than 32%. [297] Mechanical stack-
ing techniques combine advantages of monolithic architectures through
the simplicity of device operation, and the flexibility in individual subcell
processing as in four-terminal tandem solar cells.

Lamination via hot-pressing for perovskite-based tandems

This work proposes to manufacture monolithic perovskite/silicon tan-
dem solar cells via lamination, as illustrated in Figure 6.2. [120] De-
vices comprise two independently produced half-stacks, united in a hot-
pressing process. Lamination at high temperatures and pressures trig-
ger perovskite recrystallization and results in an electrical contact at
the half-stacks interface. Thereby, subcells are optically and electri-
cally connected in series. Lamination provides numerous advantages for
applications in tandem PVs, in particular the flexibility in PSC pro-
cessing. Decoupling the subcell fabrication enables architectures that
would be otherwise challenging or impossible to produce using standard
methods. Different combinations of subcells can be envisaged, such as
all-perovskite, [103], perovskite/CI(G)S, [105] and perovskite/silicon tan-
dem solar cells – the focus of this work. Optical and electrical systems
remain comparable to conventional tandems, as no conductive adhesives

PSC

Individual half-stacks processing Lamination Characterization

Rear CTL

Rear electrode

Si solar cell

Junction layer

A

Superstrate

Front CTL
Perovskite

B

Front electrode

A
Top machine tool

Bottom machine tool

B

Incoming 
light

Si solar cell

Figure 6.2: Lamination technique for fabricating monolithic perovskite/silicon
tandems. Half-stacks are prepared independently on superstrates (A) and rigid sil-
icon solar cells (B). Applying high temperatures and pressures induces perovskite
recrystallization and creates a close contact at the lamination interface, completing
the tandem. Other configurations are possible, e.g., perovskite absorber can be de-
posited on either or both half-stacks, and each CTL can combine several materials.
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or air gaps between subcells are introduced. These additional layers can
cause optical losses, either by parasitic absorption or light reflection,
negatively impacting device performance. [147] In addition to facilitat-
ing research into novel materials and architectures, lamination offers
promising features for future industrial applications through the par-
allel half-stack preparation and possible direct encapsulation for faster
throughput. This technique also resembles the established encapsulation
method for silicon solar panels and, therefore, appears compatible with
integration in large-scale production lines. [298]

Incoming 
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Superstrate TCO CTL

SHJ

ITO
CTL

Perovskite

a) b) c)

d) e) f)

g) h)

PSC

SHJ

Figure 6.3: Detailed design of laminated monolithic perovskite/silicon tandems.
a) The front half-stack comprises a superstrate, b) front transparent conductive ox-
ide (TCO), and c) charge transport layer (CTL). d) The bottom stack includes the
heterojunction silicon (SHJ) solar cell, ITO junction layer, e) CTL, and f) perovskite
absorber. The overlap of the front electrode, junction layer, and rear electrode defines
an active area of around 1 cm². g) Illustration of the completed laminated device.
The (25x30) mm superstrates are slightly larger than the (25x25) mm silicon subcells
to enable accessing the front TCO (b) after hot-pressing. Solar cells are contacted
from the rear side, one probe on the front TCO and the other on the rear electrode
of the silicon subcell. h) Photograph of a laminated tandem device from the front
side. An Au frame and fingers were deposited at step b) on the front TCO to im-
prove conductivity.

Tandem half-stacks are individually prepared by depositing functional
layers on the rigid bottom cell (silicon solar cell) and superstrate (PEN
foil or glass), as illustrated in Figure 6.2. The possibility of depositing
the perovskite absorber on top of either one or both half-stacks provides
flexibility in the layer sequence and material combinations. The overlap
of the front electrode, junction layer, and rear electrode defines the active
area. Figure 6.3 details the half-stack layouts of laminated monolithic
perovskite/silicon tandem solar cell with a 1 cm² active area. Devices are
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6 Laminated perovskite/silicon tandem solar cells

probed from the rear side: One probe contacts the silicon subcell rear
electrode, and the second contacts the overstanding part of the front
TCO on the superstrate of the PSC. As shown in Figure 6.3h, metal
grids can be deposited on the front TCO to increase conductivity, a
technique used by numerous research groups for conventionally produced
tandems. [233,285,299]

Perovskites used in the following studies have a triple-cation composition
whose compatibility with lamination has been previously verified. Suit-
able hot-pressing conditions for perovskite recrystallization and efficient
single-junction PSCs include a temperature range from 90 to 100 °C, a
minimum pressure of 50 MPa, and a duration of 5 min. This process
window – specific to this triple-cation material – enhances morphology
and crystallinity while preventing material degradation. The previously
demonstrated improved perovskite quality, its interface with adjacent
CTL, and the advanced device stability over time are further motiva-
tions for applying lamination to the tandem PV field.

6.2 Proof-of-concept solar cells in tandem
architectures

6.2.1 Prototypes of laminated monolithic
perovskite/silicon tandems‡

This work realizes the first prototypes of laminated perovskite/silicon
tandem solar cells. As previously described, the method involves prepar-
ing devices in two independent half-stacks, which are subsequently united
in a hot-pressing process. Here, the front layers of an n-i-p PSC (stack
A) are hot-pressed on a modified heterojunction silicon (SHJ) subcell
(stack B), resulting in a monolithic perovskite/silicon tandem, as illus-
trated in Figure 6.4a. Stack A comprises a flexible PEN foil superstrate,
an ITO electrode, and a double ETL of SnOx and C60. Stack B denotes a
double-side-polished SHJ bottom solar cell, a thin ITO junction layer on
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6.2 Proof-of-concept solar cells in tandem architectures

its n-side, a double HTL of sputtered NiOx and 2PACz, and the triple-
cation perovskite. The hot-pressing step at high temperature (90 °C)
and high pressure (80 MPa) promotes perovskite recrystallization and
creates an electrical contact between materials at the interface.

The champion device in Figure 6.4b achieves up to 20.0% PCE, compa-
rable to most mechanically stacked tandems. [147,291,294,295] This PCE is
30%rel higher than laminated semi-transparent PSCs presented in Sec-
tion 5.2.2. The solar cell exhibits a V oc of 1.75 V, a FF of 73.6%, and a
J sc of 15.5 mA/cm², with minor hysteresis and a stable power output,
stabilized at 19.3% (Figure 6.4c). As expected in a monolithic tandem
device, the V oc nears the sum of both subcell voltages. Table 6.1 sum-
marizes J-V characteristics of the five best solar cells. The repeatability
of the lamination technique is demonstrated by a similar performance
to the champion device with an average J sc and V oc of 15.5 mA/cm²
and 1.76 V, respectively. Due to uncertainties in the exact active area,
J sc values are integrated from EQE measurements. These prototypes
of simple optical and electrical designs already reach V oc values compa-
rable to reported monolithic perovskite/silicon tandems manufactured
via mechanical stacking. [94,147,291,294] Contribution of both subcells is
also highlighted by EQE measurements (Figure 6.4d), revealing a J sc of
16.8 mA/cm² in the PSC and 15.5 mA/cm² in SHJ subcell. Thereby, the
first prototypes surpass the J sc observed in planar mechanically stacked

Table 6.1: PCE, FF, V oc, and J sc of the five best laminated monolithic per-
ovskite/silicon tandem solar cells with integrated J sc from external quantum effi-
ciency measurement. SD stands for standard deviation. Device architecture is dis-
played in Figure 6.4. In total, 8 tandems were successfully fabricated.

PCE (%) FF (%) V oc (V) J sc (mA/cm²)

Mean 19.0 70.2 1.75 15.4

SD 1.2 3.8 0.01 0.2

Minimum 17.6 66.1 1.75 15.2

Maximum 20.1 73.7 1.76 15.6
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Figure 6.4: Proof-of-concept device of a monolithic perovskite/silicon tandem fabri-
cated via lamination. a) Illustration of solar cell architecture and lamination process.
The front stack of an n-i-p perovskite solar cell (PSC, A) is hot-pressed on a modified
heterojunction silicon subcell (SHJ, B). b) Current density-voltage (J-V) character-
istics of the champion device. Due to uncertainties in the exact active area, J-V
characteristics are scaled to integrated J sc from external quantum efficiency (EQE)
measurement. c) Maximum power point tracking, and d) EQE of the champion de-
vice and reflectance (R, dashed line) measurement of an identical layer stack. Current
densities generated in PSC and SHJ subcells are displayed in the respective areas.
Adapted from reference [120] with the permission of Wiley.

solar cells of around 14 mA/cm². [194–196] These results indicate that
perovskite absorbers and SHJ solar cells remain preserved despite high
temperatures and pressures applied during lamination. Nevertheless, the
process must be improved to achieve PCEs that are more competitive
with conventional devices. For this reason, a detailed performance anal-
ysis is conducted in the following section, and the most important loss
channel is addressed accordingly. To date, no comparable techniques for
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6.2 Proof-of-concept solar cells in tandem architectures

perovskite/silicon tandems have been reported in the literature. [120] The
first prototypes of laminated monolithic perovskite/silicon tandems al-
ready demonstrate the potential of this alternative fabrication technique
in this field.

6.2.2 Performance analysis of first laminated tandem
prototypes‡

The previous proof-of-concept experiment demonstrated that lamina-
tion is a suitable fabrication technique for monolithic perovskite/silicon
tandem solar cells. However, a PCE of 20.0% is behind records for
conventionally processed devices, which was around 31% then and has
since steadily progressed. [13] Simulation results for a similar architecture
suggest that laminated perovskite/silicon tandems can reach PCEs be-
yond 33%. [300] Figure 6.5a illustrates the contribution of the FF, V oc,
and J sc to the PCE improvement. Although the V oc and FF should
be increased by 15%rel and 11%rel, respectively, the limiting factor in
the current proof-of-concept devices is the J sc, which could theoretically
achieve ≈20 mA/cm². By comparing the EQE of a laminated tandem
solar cell and an optical optimization study using a similar architec-
ture, [301] four main areas of improvement (I to IV) are distinguished in
Figure 6.5b to augment the J sc.

Optical characterizations of PEN/ITO foils reveal significant optical
losses in Figure 9.9, Appendix, through parasitic absorption at short
wavelengths and high reflectance. At 300 to 380 nm wavelengths,
PEN/ITO foils decrease transmittance to below 20% and, at longer
wavelengths, to below 85%. Reflectance losses at the interface with air
were significantly reduced by applying an anti-reflective MgF2 coating
on the PEN foil front side to enhance in-coupling light, as shown in Fig-
ure 9.10, Appendix. Nevertheless, the current in region I (Figure 6.5b)
remains low due to severe parasitic absorption losses. Future strategies
to lower optical losses in the front half-stack include i) replacing the
125 µm thick PEN foil with a more transparent superstrate such as
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Figure 6.5: Performance analysis of the first prototypes of laminated monolithic
perovskite/heterojunction silicon (SHJ) tandems. a) Illustration of the cumulative
contribution to improvement in J sc, V oc, and FF. The prototype with up to 20% of
PCE is compared with existing literature, suggesting optimization strategies to ex-
ceed 33% PCE. [300] The J sc requires particular attention for significantly improving
the PCE. b) External quantum efficiency (EQE) measurements of the prototype and
a simulation with a similar architecture achieving around 20 mA/cm². [301] This com-
parison highlights four main areas of improvement in EQE (I-IV), currently reduced
by optical losses such as parasitic absorption and light reflection.

glass, ii) reducing the 300 nm front ITO thickness, which is significantly
thicker than typically reported for high-efficiency devices, [233,285,299,302]

and iii) using a more transparent front TCO, e.g., IZO or IO:H. [59] In-
deed, as ITO causes parasitic absorption at infrared wavelengths, using
thinner films or replacing the TCO material is expected to enhance the
current in region III. The ETL of C60 also causes substantial parasitic
absorption losses at short wavelengths from 300 to 550 nm, limiting the
PSC current. [62] Thinner C60 layers (currently 20 nm) or more trans-
parent materials as front CTLs are further strategies to increase the
EQE response in regions I and II. In addition, the SHJ solar cells are
double-side polished, which leads to incomplete in-coupling light. Re-
flectance losses on planar front and rear sides of silicon subcells, evident
in Figure 6.5b at about 790 nm and beyond 1000 nm, limit the EQE in
infrared wavelength regions III and IV. Incorporating textured silicon
solar cells – standard for silicon-based PVs – could significantly reduce
these reflection losses and improve light trapping. [227,287,303,304] Lami-
nated prototypes also suffer from a mismatch between subcells, with a
subcurrent difference of more than 1 mA/cm². The laminated tandem
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6.2 Proof-of-concept solar cells in tandem architectures

devices would benefit from a slightly wider bandgap of approximately
1.68 eV in the top cell. [305,306] This adjustment might require optimizing
absorber thickness according to its bandgap, an established method to
increase the J sc of monolithic devices and the energy yield. [286,307–309]

This performance analysis highlights that laminated perovskite/silicon
tandem solar cells are expected to achieve a J sc comparable to con-
ventionally processed devices using established optimization strategies.
This work also emphasizes the importance of effective light management
in tandems to achieve high PCEs and that designing multi-layer per-
ovskite/silicon tandems is challenging due to the interrelated influence
of functional layers. Beyond the standard improvement strategies out-
lined here, the lamination process offers further opportunities, which are
discussed in Section 6.3.

It is noted that the electrical system of laminated tandem prototypes is
intentionally kept simple in this work and primarily relies on two factors
reducing non-radiative recombination losses: i) perovskite recrystalliza-
tion, and ii) an enhanced interface with C60, as previously discussed.
To further improve the V oc, promising passivation techniques proposed
in the literature yielding significantly higher V oc by efficiently minimiz-
ing charge-carrier recombination losses could be introduced. [55,178,310]

In a complementary study presented in Figure 9.11, adding a 1 nm thin
LiF layer at the interface between perovskite and C60 consistently re-
sults in a comparable V oc increase in standard single-junction PSCs
and laminated tandems. The respective average improvement by 50 and
64 V is consistent with existing literature on LiF as surface passiva-
tion. [311] This result suggests that passivation techniques commonly em-
ployed in conventionally produced PSCs can be successfully applied in
laminated devices, indicating a potential for achieving similar efficiencies
with both fabrication methods. In forthcoming research, the architecture
could be enriched with elaborate optimization strategies, such as incor-
porating 2D materials for perovskite surface passivation and additives
into the absorber for bulk passivation. Promising materials are tran-
sition metal carbides and nitrides (MXene), and phenethylammonium
iodide (PEAI). [55,164,296,312] Furthermore, silicon subcells used in the
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6 Laminated perovskite/silicon tandem solar cells

first prototypes (14 mm²) are smaller than the typical size for perovskite-
based tandem PV research (1 cm²). [233,285,305] In small silicon solar cells,
edge recombination becomes significant, contributing to lower efficien-
cies through reduced V oc. [284] Therefore, an active area enlargement to
1 cm² of laminated perovskite/silicon tandems is also investigated in the
following.

6.3 Optical improvement of perovskite-based
tandems via lamination

Designing multi-layer perovskite/silicon tandems presents significant
challenges, particularly in achieving a current-matching condition and
minimizing parasitic absorption losses. The preceding performance anal-
ysis identified J sc as a primary limiting factor of laminated tandems,
emphasizing the importance of effective light management. Lamination
offers a wide range of strategies to optimize these complex architec-
tures. Section 6.3.1 explores the use of highly transparent ultra-thin
glass superstrates to improve light transmission. The increased freedom
in the choice of front electrodes is showcased in Section 6.3.2, com-
paring three highly transparent and conductive TCOs. Section 6.3.3
examines how lamination enables perovskite engineering to achieve a
current-matching condition through thickness and bandgap variations,
an established technique readily applicable in laminated tandems. Fi-
nally, flexibility in layer deposition order allowed through the decoupled
half-stack processing facilitates the development of a novel architecture
with significantly reduced parasitic absorption losses, presented for the
first time in Section 6.3.4.

6.3.1 Highly transparent and flexible superstrates

The superstrate is an essential component of laminated tandem architec-
tures. As the first layer in the optical light path, high transparency over
a wide wavelength range is essential. Apart from serving as a superstrate
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for depositing functional materials, this layer can also be seen as a pos-
sible encapsulant, protecting the underlying stack from oxygen and hu-
midity, which are detrimental to the long-term stability of PSCs. [64] PEN
foil is a promising superstrate material for lamination, as it allows for
fabricating flexible PSCs and is compatible with large-scale production
technology such as roll-to-roll processes. [14] However, optical character-
izations reveal severe parasitic absorption losses at short wavelengths in
the polymer (Figure 9.9, Appendix). To overcome this issue, PEN foils
are replaced with thin-glass superstrates, providing higher transparency
for enhanced light management in laminated tandem solar cells.

First, lamination with thin-glass superstrates is experimentally demon-
strated to produce 14 mm² small tandems, as large as the first prototypes
presented in Section 6.2.1. The active area is then enlarged to 1 cm²,
in line with the standard size of conventional perovskite-based tandem
devices. [233,285,305] Photographs of tandems with PEN foil and glass su-
perstrates can be seen in Figure 6.6. The successful replacement of the
PEN foil with hard glass represents a milestone, providing evidence that
the mechanical characteristics of the polymer, such as thermal defor-
mation and softness, are not essential for half-stack adhesion in this
hot-pressing technique. Nevertheless, the transition to glass presented

PEN foil
TCO
CTL

A

TCO

Perovskite

Electrode

Incoming 
light

B

Si solar cell

CTL

GlassA

B

1 cm²14 mm²

10 mm5 mm

PEN foil 
replacement

(a) (b)

Figure 6.6: Laminated monolithic perovskite/heterojunction silicon (SHJ) tandems
using a 125 µm thick PEN foil (left) and a highly transparent 30 µm thin-glass super-
strate (right). a) Architecture and photograph of a device from the front side, with
four active areas of 14 mm². b) Solar cell architecture after superstrate replacement
and updated design for an enlarged active area. The photograph shows a large device
from the front side with an active area of approximately 1 cm².
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6 Laminated perovskite/silicon tandem solar cells

challenges. Laminated samples incorporating 150 µm thick glass were
inhomogeneously laminated, as shown in Figure 6.7a. Typical interfer-
ence patterns visible through the glass revealed an air gap at the per-
ovskite/CTL lamination interface, indicating that these materials were
not in close contact. Three principal adjustments were implemented
to obtain a successful adhesion: i) The applied pressure was increased,
ii) the machine plate quality was enhanced with a surface treatment, and
iii) thinner glass superstrates were employed.

The problem-solving approach is illustrated in Figure 6.7. At first, pres-
sure distribution during the hot-pressing process was examined using
Fujifilm Prescale HS foils positioned between the layer stack and ma-
chine plate. [313] Integrated micro-color capsules break inside the Prescale
foil during pressing, leaving a visible trace of applied forces. When ex-
ceeding 50 MPa, the foil displays a magenta-colored imprint, contrast-
ing with a white appearance below this threshold. As a minimum of
50 MPa is required to improve perovskite morphology (Section 4.3), this
foil indicates whether sufficient pressure is applied during lamination.
Magenta-colored imprint images (Figure 6.7b) demonstrated that less
than 50 MPa is applied in the sample center, where the active area of
the tandem solar cell is located. Increasing pressure to 200 MPa over-
came this issue. However, the additional stress applied to machine tools
deformed their surfaces, as shown in Figure 6.7c. A surface treatment of
machine plates was employed to prevent tool deterioration under such
high pressure, which would otherwise affect the subsequent lamination.
The tool surface quality in contact with samples was improved by lap-
ping, yielding a smooth and robust surface capable of withstanding the
high pressure without deformation.

The glass superstrate thickness also played a pivotal role in the lami-
nation quality of perovskite/silicon tandem solar cells. The crucial in-
fluence of the thickness has already been pointed out in research on
wafer-bounding techniques. [315,316] Defects created by particles at the
lamination interface enlarge with particle size and substrate thickness.
A typical particle-related defect is displayed in Figure 6.7d. If the glass is
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Figure 6.7: Problem-solving approach for laminating monolithic perovskite/silicon
tandems with glass superstrates. a) Photograph of a representative device with a
150 µm glass superstrate showing poor half-stack adhesion. Interference patterns
indicate an air gap at the lamination interface. b) Fujifilm prescale foil, which displays
a magenta color when a minimum of 50 MPa is applied, reveals an uneven pressure
distribution. The set pressure is thus increased to 200 MPa. c) Photographs of
machine tools. A lapping surface treatment improved the surface quality, allowing
the machine tools to withstand the high pressure without deforming. The black circle
highlights the imprint left by a sample after hot-pressing. d) Optical microscopy
image of a delamination defect around a particle. The defect size can be reduced by
using a more flexible superstrate. Photograph of the bendable AF 32® ecotype thin
glass, copyright Schott AG. [314] e) Photograph of a tandem successfully laminated
with a 30 µm thin-glass superstrate.

insufficiently thin, particles cause larger defects, which might yield com-
plete delamination of half-stacks. Ultra-thin glasses, such as AF 32®

ecotype from Schott AG with a thickness of 30 µm, [314] are bendable,
which allows the glass to bend around particles and promote half-stack
adhesion. A successfully laminated device is shown in Figure 6.7e.

Remaining particle-related defects might be detrimental to device per-
formance and additionally result in uncertainties in the active area of
laminated tandems. A recent study emphasized that inhomogeneities,
depending on their size, can negatively affect J-V characteristics of per-
ovskite solar modules. [317] In particular, these defects may contribute
to a reduced interface conductivity, decreasing the FF. The number
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6 Laminated perovskite/silicon tandem solar cells

of particle-related defects could be limited by strict cleaning proce-
dures, e.g., sample handling in cleanrooms and filtered glove box at-
mosphere, and using anti-electrostatic tapes next to samples to re-
lease static electricity and catch potential particles. Automatization,
rapid processing, and continuous vacuum systems should further reduce
particle-related defects in future industrial production lines. Alterna-
tively, transparent buffer layers, either conductive such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), [200] or
insulating, e.g., poly (methyl methacrylate) (PMMA), polydimethyl-
siloxan (PDMS), ethyl vinyl acetate (EVA), and silane-grafted poly-
olefin elastomers (POEs). [291,318–320] could be introduced to fill cavities
or cushion particles, lowering the defect size.

Replacing PEN foil with glass represents a significant advancement to-
ward the durability of laminated tandems, as glass is more resistant to
long-term sunlight exposure. This substitution also broadens the range
of compatible materials and deposition techniques in future front PSCs,
facilitating the use of inorganic functional layers that contribute to im-
proved device stability over time, as discussed in Section 5.2.1. In addi-
tion, using thin glass opens up new opportunities for large-scale produc-
tion. The bendability of ultra-thin glass is particularly advantageous for
roll-to-roll processing, a method with augmented production capacity
that could partially compensate for the higher cost of thin glasses com-
pared to standard thicknesses. [321] From an optical perspective, glass
offers advantages to enhance light management, e.g., by applying tex-
tured layers on the glass front side to improve in-coupling light. [128,130]

The glass superstrate also offers attractive features for optical optimiza-
tion research through its high transparency, high thermal tolerance, and
robustness against harsh processing conditions, such as in sputtering de-
positions. This increased degree of freedom – particularly for the choice
of front TCO – is explored in the following section to enhance light
management in perovskite-based tandems.
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6.3.2 Highly transparent conductive oxides as front
electrodes

Optimal optoelectronic characteristics of front electrodes are essential for
highly efficient tandem solar cells. Parasitic absorption should be min-
imized to enhance charge carrier generation in the perovskite absorber
and augment the J sc. [299] Meanwhile, high conductivity is required for
efficient charge-carrier transport with reduced resistive losses. [299] Stan-
dard materials include sputtered ITO, IZO, and IO:H, with the lat-
ter attracting particular attention due to its nearly optimal optoelec-
tronic characteristics. [59] For highly conductive TCOs, sputtering pro-
cesses should preferably be performed at high power, yielding dense
films, and on a heated substrate at elevated temperatures. [322] Post-
deposition treatments are also beneficial for most TCOs and usually
consist of a simple annealing step. However, these processing conditions
are not necessarily compatible with fabricating perovskite-based solar
cells. Reports showed that increased sputtering power and duration are
detrimental to device performance. [225,323] The front electrode sputter-
ing deposition on PSCs must, therefore, be mitigated to prevent dam-
age from high-kinetic energy particles in the underlying layer stack, [324]

and additional protective buffer layers such as ALD-deposited SnOx are
commonly introduced in the device architecture. [218,227,228] Also, the re-
quired post-treatment temperatures (e.g., ≥250 °C for ITO) exceed the
thermal tolerance of sensitive functional layers, including the perovskite
absorber. [59,325] Lamination overcomes these typical processing limita-
tions since the front electrode can be optimally deposited on an inde-
pendent superstrate. In this context, a glass superstrate has significant
advantages, such as robustness against demanding sputtering conditions
and high thermal tolerance, enabling subsequent electrode annealing for
optimum optoelectronic properties. Using this enhanced flexibility in
TCO materials, deposition, and post-treatment conditions enabled by
lamination, this work targets highly transparent and conductive oxides
as front electrodes for tandem solar cells.
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Figure 6.8: External quantum efficiency (EQE) of laminated monolithic per-
ovskite/heterojunction silicon (SHJ) tandems with different front electrodes. a) Illus-
tration of the architecture and corresponding EQE characterization of solar cells with
a transparent conductive oxide (TCO) of 145 nm ITO, b) 150 nm IZO, and c) 220 nm
IO:H, sputtered on 30 µm thin-glass superstrates. Current densities generated in per-
ovskite and silicon subcells are shown in the respective areas. The transmittance of
different TCOs on glass is displayed in dashed lines.

Three in-house sputtered TCO materials in monolithic perovskite/sili-
con laminated tandems are compared: ITO, IZO, and IO:H. TCOs are
directly deposited on 30 µm thick glass superstrates, followed by a dou-
ble ETL of SnOx and C60. This front layer stack is hot-pressed on a
modified SHJ solar cell, comprising a double HTL of NiOx and 2PACz
and the perovskite. Successful device lamination indicates that all TCO
materials appear compatible with the hot-pressing process. TCO trans-
parency directly influences generated current in subcells, as highlighted
by EQE measurements in Figure 6.8. With ITO, the tandem J sc is lim-
ited by the silicon cell with 14.2 mA/cm² due to low transmittance at
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Figure 6.9: Optoelectronic characteristics of sputtered ITO, IZO, and IO:H elec-
trodes. a) Absorptance, b) film thickness, and c) sheet resistance of the three TCOs
sputtered on glass substrates as-deposited (crosses) and after post-treatment (circles).
Absorptance is calculated from transmittance and reflectance measurements shown
in Figure 3-5. Post-deposition treatments include annealing at 250 °C for 15 min in
air for ITO (black), and annealing at 200 °C for 30 min in N2 for IZO (orange) and
IO:H (blue).

long wavelengths. Conversely, IZO demonstrates higher parasitic absorp-
tion at short wavelengths, reducing J sc in top PSC with 14.2 mA/cm².
The IO:H appears as a compromise solution with enhanced transparency
over the entire spectrum and simultaneously provides the highest current
for top PSCs and SHJ cells with 17.5 and 15.5 mA/cm², respectively.

These results build on experimental improvements of IO:H sputtering
conditions, as detailed in Figure 9.1. Two main insights are highlighted:
i) Longer deposition times increase layer thickness linearly while de-
creasing sheet resistance, and ii) doubling O2 flow suppresses parasitic
absorption at wavelengths from 400 nm. Optimized deposition condi-
tions yields an IO:H electrode as transparent as IZO with less than 6%
absorption at long wavelengths from 500 nm (Figure 6.9a). In com-
parison, ITO causes severe parasitic absorption in infrared wavelengths,
linearly increasing from 750 nm to 20% at 1250 nm. Additionally, IO:H
demonstrates a slightly higher transmittance at short wavelengths, with
16% absorptance at 400 nm compared to 37% in IZO. Given this en-
hanced transparency, IO:H is deposited in relatively thick layers (around
220 nm, Figure 6.9b) to target low sheet resistance of approximately
25 Ω/sq, comparable to ITO and significantly more conductive than
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IZO, exhibiting 48 Ω/sq (Figure 6.9c). Before characterizations, ITO
was annealed at 250 °C for 15 min in air. IZO and IO:H were annealed
at 200 °C for 30 min in a N2 atmosphere.

The present study demonstrates that front electrode materials, deposi-
tion conditions, and post-treatments can be readily optimized in lam-
inated tandems. High transmission in the relevant wavelength range
and high conductivity are achieved by selectively adjusting sputtering
parameters and film thicknesses. These outcomes align with recent lit-
erature on outstanding optoelectronic characteristics of IO:H materi-
als. [59,326,327] Furthermore, as the front electrode deposition is performed
independently of other functional layers, new types of contacts can be en-
visioned, such as efficient mesh-liked electrodes. [328–330] Decoupled TCO
processing from the sensitive perovskite film also implies that a buffer
layer of SnOx is possibly no longer required in the device architecture.
Nevertheless, this layer is deliberately retained in laminated tandems to
ensure comparability with established architectures.

6.3.3 Perovskite engineering to achieve a
current-matching condition

Integrating a highly transparent superstrate and front TCO in laminated
architectures immediately affects current-matching requirements, which
are critical for maximizing power output in monolithic tandem devices.
The bottom cell current can be adjusted by regulating transmitted light
from the top PSC. Two established strategies for enhancing the bottom
cell current through perovskite engineering include bandgap increase or
thickness reduction. In solution-based processing, the band gap is ad-
justed by compositional engineering, primarily by augmenting bromide
fraction, while thickness tuning involves changing the solution molar-
ity and spin-coating speed. [92,102,102,331] This section explores current-
matching conditions in laminated monolithic tandem solar cells with
variations in front absorber bandgap and thickness.
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Table 6.2: PCE, FF, V oc, and J sc of conventional single-junction perovskite
solar cells using a triple-cation perovskite with a bandgap of 1.63 eV (31 de-
vices) and 1.68 eV (31). SD, Min., and Max. stand for standard devia-
tion, minimum, and maximum, respectively. Solar cell architectures comprise
glass/ITO/NiOx/2PACz/perovskite/C60/BCP/Au.

PCE (%) FF (%) V oc (V) J sc (mA/cm²)

1.63 eV 1.68 eV 1.63 eV 1.68 eV 1.63 eV 1.68 eV 1.63 eV 1.68 eV

Mean 17.3 16.0 79.3 74.7 1.08 1.09 20.1 19.7

SD 0.4 0.3 1.7 1.2 0.00 0.02 0.7 0.3

Min. 16.1 15.0 76.0 72.0 1.08 1.07 18.3 19.2

Max. 17.8 16.6 82.0 77.0 1.10 1.11 21.3 20.4

Two triple-cation perovskites developed in our research group are com-
pared in this study. One has a 1.63 eV bandgap, is approximately 370 nm
thick, and has been successfully used in single-junction PSCs. The sec-
ond has a 1.68 eV bandgap, is thicker with 720 nm, and was optimized
for tandem applications. This 1.68 eV bandgap energy was highlighted in
numerous reports as the optimal value for monolithic perovskite/silicon
tandem devices. [56,285,302,305,306] Conventional single-junction PSCs are
successfully fabricated with both perovskite compositions as references,
resulting in average PCEs of 17.3% and 16.0% with 1.63 and 1.68 eV
bandgaps, respectively (Table 6.2). As expected, PSCs with a 1.68 eV
bandgap exhibit a lower J sc due to a narrower wavelength absorption
range. Comparing both absorbers in laminated tandem solar cells pro-
vides insights into the influence of bandgap and thickness adjustments
on light management.

First, the influence of the absorber thickness is examined by tuning the
solution molarity of 1.68 eV perovskites. The precursor solution, ini-
tially at 1.53 M, is diluted to a new molarity estimated at 0.84 M. In
Figure 6.10a, transmittance measurements with molarities ranging from
0.84 to 1.53 M confirm that a thickness decrease leads to an increased
light transmission near the perovskite bandgap. Figure 6.10b displays
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Figure 6.10: Current-matching conditions in laminated monolithic per-
ovskite/heterojunction silicon (SHJ) tandems depending on perovskite thickness. The
perovskite film thickness is adjusted by changing the solution molarity (M). a) Trans-
mittance measurements on glass/ITO/perovskite with molarity varying from 0.84 to
1.53 M. An outlined arrow highlights an increase in transmission as molarity de-
creases. The inset shows photographs of 1.53 and 0.84 M perovskite layers spin-
coated on (25x25) mm silicon substrates. b) External quantum efficiency (EQE) of
laminated tandems depending on the perovskite molarity. Current densities gener-
ated in perovskite and silicon subcells are displayed in the respective areas. Outlined
arrows indicate a reduced EQE signal in the perovskite solar cell (PSC) with lower
molarity, correlating with an improved EQE of the SHJ subcell in the same wave-
length range.

EQE measurements of laminated tandems. A thinner absorber enhances
the EQE by 10%abs at 700 nm in the top PSC. As in communicating ves-
sels, the EQE in the SHJ solar cell simultaneously improves by 10%abs

at the same wavelength. Consequently, the SHJ subcell current with a
0.84 M perovskite molarity achieves 18 mA/cm², which is 1 mA/cm²
higher than initially. Although this particularly thin perovskite layer is
unsuitable for high-efficiency devices due to a significant current mis-
match, this result emphasizes the correlation between the top absorber
thickness and the generated bottom cell current. Overall, thicker per-
ovskite with a 1.68 eV bandgap and a molarity of 1.53 M molarity allows
current-matching conditions to be achieved, with around 17 mA/cm²
J sc in both subcells.

Laminated tandem solar cells with perovskite bandgaps of 1.63 and
1.68 eV are now compared within the same batch. Perovskite layers
are conventionally processed with their respective thickness of 370 and
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Figure 6.11: Influence of the perovskite bandgap on achieving a current-matching
condition in laminated monolithic perovskite/heterojunction silicon (SHJ) tandems.
a) External quantum efficiency (EQE) characterizations of laminated devices ap-
proaching a current-matching condition with a bandgap of 1.63 and 1.67 eV. Cur-
rent densities generated in perovskite and silicon subcells are shown in the respective
areas. The outlined arrow highlights an EQE signal shift related to a wider bandgap.
b) Statistical data of integrated J sc from EQE measurements in each subcell. SD
stands for standard deviation.

720 nm. Hot-pressing conditions (90 °C, 200 MPa, 5 min) did not require
adjustment based on the absorber material to enable successful half-stack
adhesion. In this experiment, SnOx film is deposited significantly thin-
ner than usual (≈35 nm), implying that EQE and integrated J sc values
from subcells cannot be directly compared with previously shown results.
Figure 6.11a displays EQE measurements of laminated devices with the
smallest current mismatch. Both bandgaps enable good current match-
ing. Remarkably, using a 1.63 eV bandgap resulted in a 16.7 mA/cm²
current in both subcells, representing a significant improvement com-
pared to the first prototypes, severely limited by a current mismatch.
The EQE characterization of the 1.68 eV perovskite-based tandem so-
lar cell in Figure 6.11a is representative of a trend in statistical data
presented in Figure 6.11b. The bottom cell current is slightly lower, av-
eraging 16.0 mA/cm², while top PSCs exhibit 16.5 mA/cm². Increased
bandgap correlates with an EQE signal shift toward shorter wavelengths
near the perovskite bandgap. Meanwhile, a thicker perovskite layer en-
hances light absorption in the top cell between 500 and 700 nm.
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The choice of bandgap and film thickness appears as essential as in con-
ventional tandems to reach a current-matching condition since these fac-
tors determine how much light is absorbed in the top and bottom cells.
These results suggest that adjusting perovskite bandgap and thickness in
laminated solar cells does not require systematically re-optimizing pro-
cess conditions. Nevertheless, designing future laminated tandems to
achieve a high J sc is complex. Even minor architecture modifications
(e.g., CTL thickness) can shift optimum conditions, as shown in this
study: devices with a 1.68 eV perovskite absorber achieved a current-
matching condition with standard SnOx thickness, whereas the 1.63 eV
material enabled similar results with a thinner SnOx layer. Further im-
provement strategies include adding an anti-reflective or coupling coat-
ing, such as MgF2, LiF, or silicon dioxide (SiO2), texturing front and rear
sides of the subcells, and adjusting the refractive index gradient within
the device to minimize reflection losses. [332–334] Given the range of pos-
sible strategies and the multitude of material combinations enabled by
lamination, computational modeling constitutes a key resource in future
optimization processes. This computer-assisted approach, increasingly
employed in recent literature for conventionally fabricated tandems, can
facilitate identifying an optimum bandgap and film thickness. [101,102] It
should be noted that the influence of encapsulation materials on light
management is immediately considered in laminated devices. As an in-
herent part of commercial solar cells, including this encapsulation layer
in optimization calculations is crucial. This fundamental consideration
is often overlooked in reports on record devices. [56,102,285]

6.3.4 Reduced parasitic absorption losses in inverted
architectures

Lamination provides additional options compared to standard fabri-
cation techniques for optically improving monolithic tandems through
the decoupled deposition of functional layers. The material combi-
nation in laminated solar cells presented until now was based on an

138



6.3 Optical improvement of perovskite-based tandems via lamination

established architecture compatible with conventional processing meth-
ods. [102,285,305,335] As displayed in Figure 6.12a, light enters the device
through an n-i-p top PSC. However, the front CTL of C60 is known
to cause substantial parasitic absorption at short wavelengths, limiting
the J sc. [62,63] The following study demonstrates that lamination can
overcome this issue by enabling an architecture inversion to place the
problematic CTL of C60 behind perovskite on the optical path. In this
inverted layer stack, the highly transparent double HTL of NiOx and
2PACz is located in the front, allowing for increased light transmission
to the absorber. Consequently, charge carrier generation in the top
PSC should be enhanced without changing materials or key interfaces,
such as the nearly optimal perovskite/2PACz interface. [176,336] The fea-
sibility of this original idea was demonstrated in a pre-experiment for
single-junction PSCs, Section 5.2.3, and is now investigated in tandems
with an architecture established for the first time in this work.

Laminated tandems with inverted architecture are prepared by hot-
pressing a front layer stack of a p-i-n PSC on a modified SHJ solar cell, as
displayed in Figure 6.12b. The front stack builds on a 30 µm thin-glass
superstrate coated with a front TCO of IO:H, and a double HTL of NiOx

and 2PACz. It is noted that a NiOx layer is optional, as previous reports
demonstrated that 2PACz could be in direct contact with IO:H and yield
highly efficient devices. [337,338] However, an underlying sputtered NiOx

film results in a more uniform and conformal coverage of solution-based
self-assembled monolayers and was, therefore, retained in the architec-
ture. [176] The 70 nm ITO junction layer and double ETL of SnOx and
C60 are processed on the p-side of the bifacial SHJ solar cell. A 1.68 eV
triple-cation perovskite film is deposited on the front stack. Solution
molarity is 1.33 M, slightly lower than in the n-i-p layer stack (1.53 M).
This thinner perovskite absorber in p-i-n architecture aims to compen-
sate for an anticipated PSC current enhancement related to reduced
parasitic absorption losses at short wavelengths. This p-i-n architec-
ture is challenging to produce conventionally using the same deposition
techniques as the n-i-p. Lamination overcomes here several limitations:
i) The C60 surface causes dewetting, which complicates the subsequent
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Figure 6.12: Proof of concept for architecture inversion of monolithic perovskite/sil-
icon tandems by lamination. This inversion is expected to enhance current in the top
perovskite solar cell (PSC) by reducing parasitic absorption in front functional layers.
a) Device illustration with a front PSC in n-i-p (grey) and b) p-i-n (blue) architecture
using identical processing techniques. c) Photographs of laminated solar cells from
the glass front side in n-i-p, and d) p-i-n. The scale bar corresponds to 10 mm. e) Ex-
ternal quantum efficiency (EQE) characterization of representative devices. Current
densities generated in perovskite and silicon subcells are shown in the respective ar-
eas. The outlined arrow highlights an EQE improvement attributed to decreased
parasitic absorption.

solution-based perovskite deposition, [192,193] ii) solvent incompatibility
as ethanol used for 2PACz would dissolve the perovskite, [339,340] and iii)
the challenging sputtering process of IO:H and NiOx on perovskites, due
to the absence of buffer layers. [219,341]

EQE characterizations of p-i-n laminated tandems indicate a 1.9 mA/cm²
higher J sc in PSCs on average compared to the n-i-p architecture, as
outlined in Figure 6.12e. Light absorption enhancement at short wave-
lengths from 300 to 550 nm yields a subcurrent of up to 18 mA/cm²
in the PSC. This improvement is consistent with pre-experiments on
single-junction devices, demonstrating that architecture inversion en-
ables overcoming C60 parasitic absorption losses. Despite precautions
taken with the adjusted perovskite solution molarity, current mismatch
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6.3 Optical improvement of perovskite-based tandems via lamination

in p-i-n laminated tandems is significant, and subcurrent in SHJ solar
cells averages only 15.5 mA/cm² (Table 6.3). Different factors might re-
duce the bottom cell current in this p-i-n architecture, initially optimized
for n-i-p devices. The non-optimized light management is underlined by
severe interference patterns in the infrared wavelength range, suggesting
that appropriate functional layer thicknesses and refractive index gradi-
ents must be investigated. Moreover, a thicker ITO layer on the p-side of
the SHJ subcell (70 nm), compared to 30 nm on the n-side, contributes
to parasitic absorption at long wavelengths. A thinner junction layer
of 20-30 nm should enable to minimize these optical losses and enhance
current in the SHJ subcell. [192]

Table 6.3: PCE, FF, V oc, and J sc of laminated monolithic perovskite/heterojunc-
tion silicon (SHJ) tandem solar cells with n-i-p (6 devices) and p-i-n (3) architectures.
SD, Min., and Max. stand for standard deviation, minimum, and maximum, respec-
tively.

PCE (%) FF (%) V oc (V) J sc (mA/cm²) J sc (mA/cm²)

PSC SHJ

n-i-p p-i-n n-i-p p-i-n n-i-p p-i-n n-i-p p-i-n n-i-p p-i-n

Mean 16.2 15.3 58.0 60.3 1.75 1.63 15.9 17.8 17.1 15.5

SD 1.8 1.7 2.8 4.6 0.03 0.05 0.9 0.3 0.2 0.1

Min. 13.9 13.9 54.0 55.8 1.70 1.59 14.7 17.5 16.8 15.4

Max. 18.0 17.1 60.0 65.0 1.80 1.69 16.7 18.0 17.3 15.6

By introducing flexibility in material deposition sequence, lamination ef-
fectively overcomes severe parasitic absorption in the PSC, substantially
enhancing its subcurrent. The successful inversion of an established tan-
dem architecture, with no precedent reported to date, underlines the
potential of this fabrication process in bridging the gap in the devel-
opment of n-i-p and p-i-n devices. Moreover, n-i-p laminated tandems,
which serve as references in this study, also show remarkable improve-
ments compared to the first prototypes presented in Section 6.2.1, such
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as an increased J sc in the top cell through highly transparent IO:H and
glass superstrate. The V oc of up to 1.8 V (Table 6.3) is comparable
to conventionally processed tandems, [56] and higher than most mechan-
ically stacked solar cells. [94,147,164,291,294–296] This could be linked to the
improved quality of recrystallized perovskite absorber and the larger ac-
tive area of 1 cm², twice as large as mechanically stacked devices with
0.5 cm² on average. Indeed, a larger active area might explain a higher
V oc augmentation through reduced recombination losses in silicon so-
lar cells due to less edge effects. [284] These photovoltaic characteristics
are representative of the different fabricated batches, irrespective of the
lamination parameters or the materials used. The overall device per-
formance is now limited by the FF, remaining below 70%, which is not
fully understood at the moment. It is suspected that the particle-related
defects may play a role, as previously discussed, as well as the exposure
to oxygen and moisture related to the sample handling that is not al-
ways conducted in a protective atmosphere. Nevertheless, laminated
PSCs demonstrated FFs of up to 77% in single-junction architectures
(Section 5.3), so the FF is not expected to be intrinsically limited by the
lamination process.

6.4 Summary

Monolithic perovskite/silicon tandem solar cells were manufactured via
lamination for the first time in this work. This technique involves hot-
pressing the PSC front layer stack onto a modified SHJ bottom cell.
During the process, perovskite recrystallizes at the interface between
the subcells, connecting them electrically and optically in series. Hence,
monolithic tandems are obtained without conventionally depositing lay-
ers sequentially atop each other. First prototypes exhibit up to 20%
PCE, representing a 30%rel increase in efficiency compared to laminated
semi-transparent PSCs in single-junction. While the current efficiencies
remain modest compared to more mature monolithic tandem technolo-
gies, the laminated technique introduces unique advantages compared
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to conventional fabrication methods. For instance, a major challenge in
designing multi-layer perovskite/silicon tandems is achieving a current-
matching condition and minimizing parasitic absorption losses. Through
the decoupled preparation of both subcells, lamination offers a wide
range of strategies to optimize these complex architectures.

Lamination enables perovskite engineering, an established technique for
optimizing device performance, such as bandgap and thickness tuning.
Adjusting the absorber composition led to the fabrication of current-
matched devices. The J sc of laminated tandems increases to about
17 mA/cm² in both subcells, compared to 15.5 mA/cm² in the first pro-
totypes. These results built on a successful PEN foil replacement with
a more transparent glass superstrate. The front electrode was optimally
deposited on individual glass superstrates, allowing for flexibility in the
architecture by varying front TCO materials, deposition parameters, and
post-treatment conditions. In-house sputtered IO:H achieves high trans-
parency and conductivity, which is essential for enhanced charge-carrier
generation and extraction. The outstanding application versatility pro-
vided by the lamination technique was further explored in a final proof-
of-concept architecture that would be difficult or impossible to process
conventionally. By inverting the device layer stack, typical issues of con-
ventional monolithic perovskite/silicon tandems, such as parasitic ab-
sorption losses in front CTLs, are overcome.

Improvement strategies presented in this work provide new opportunities
for enhancing tandem architectures and innovation beyond conventional
designs. Further advancements include the incorporation of textured
surfaces in the device architecture, particularly textured silicon subcells,
which are standard and cost-effective in the PV industry. In this regard,
preliminary experiments investigating the perovskite lamination on tex-
tured silicon substrates have shown promising results, as presented in
Chapter 8. Future research will focus on integrating these industry-
relevant silicon solar cells with the lamination process, which repre-
sents a decisive step toward the industrialization of perovskite-based
tandem technology. Overall, the successful fabrication of monolithic
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6 Laminated perovskite/silicon tandem solar cells

perovskite/silicon tandems suggests that lamination readily applies in
this field, offering a wider range of materials and facilitating research
into new architectures. Combinations of different technologies can be
envisioned, as demonstrated by novel prototypes of perovskite/CI(G)S
tandem solar cells in Chapter 8.
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With record PCEs exceeding 26%, PSCs are now one of the most efficient
and rapidly developing PV technology. The fast development was facili-
tated by fabrication steps realizable with standard laboratory techniques
for lab-scale devices, low-temperature processing, and the high tunabil-
ity of perovskite absorber characteristics. These attributes enable a wide
range of applications, from single-junction to integration in tandem solar
cells. An alternative fabrication technique for perovskite-based PV pro-
posed in this work overcomes limitations of standard deposition methods
and offers additional strategies to address remaining challenges of this
highly promising technology. Research questions guiding experimental
studies aimed to: 1) Assess the hot-pressed perovskite recrystallization,
improving its morphology and crystallinity; 2) Determine the influence
of a hot-pressed absorber quality on device performance and stability of
laminated PSCs over time; 3) Explore the vast range of application of
the lamination technique; 4) Evaluate the role of the lamination process
in supporting research on tandem PVs. Answers to these questions are
now detailed, referring to results presented in the main Chapters 4 to 6.

1. Recrystallization process: How can the quality of perovskite
absorbers, in terms of crystallinity and morphology, be enhanced by ad-
justing lamination pressure, temperature, and processing duration while
preventing degradation?

Compared to standard advancement strategies for perovskite PVs, in-
cluding tuning absorber composition, morphology, and bulk passiva-
tion, this work provides insights into an alternative and complementary
method. The hot-pressing technique involves a simultaneous applica-
tion of high pressures and temperatures to enhance perovskite quality.
Our research demonstrates that hot-pressed polycrystalline films exhibit
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larger grains, reduced surface roughness, and improved crystallinity.
While previous studies explored recrystallization via hot-pressing, the
process window varied widely depending on perovskite compositions.
For the first time, we conducted thorough investigations on a hot-pressed
triple-cation absorber designed for efficient and long-term stable PSCs
with a suitable bandgap for tandem applications. This perovskite com-
position remains preserved when the temperature and duration do not
exceed 100 °C and 60 min, defining an initial process window. Consis-
tent with existing literature, grain growth is primarily driven by higher
hot-pressing temperatures, achieving 43%rel larger grains at 100 °C than
pristine layers. Although longer treatments can further increase grain
size, 5 min appears sufficient to improve perovskite morphology and crys-
tallinity. After the hot-pressing step, the initial ≈20 nm RMS surface
roughness decreases to a few nanometers when a pressure of at least
50 MPa is applied. The final process window, validated through the
successful lamination of efficient PSCs, includes a maximum treatment
duration of 30 min, a minimum pressure of 50 MPa, and a temper-
ature between 85 and 100 °C. The findings of this work demonstrate
that hot-pressing is an effective post-treatment process, decoupling the
deposition method from the final layer quality required for efficient opto-
electronic devices. As it enables the production of perovskite absorbers
with improved morphology and crystallinity in a controllable process,
hot-pressing treatments contribute to addressing the upscaling challenge
of the perovskite technology. In addition, this solvent-free technique uses
relatively low temperatures, broadening the range of compatible materi-
als and facilitating the process – primarily relying on solid-state layers –
on a future industrial scale. The subsequent research question explores
the impact of this hot-pressed perovskite quality on device performance
and stability over time.
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2. Device performance: How do improved morphology and crys-
tallinity of perovskite absorbers impact the performance and stability
over time of laminated perovskite solar cells?

A comparison between laminated PSCs with conventionally produced
references of identical architecture reveals intrinsic characteristics unique
to the lamination process via hot-pressing. The smoother perovskite
surface is recognized by optical characterizations, notably showing re-
duced diffuse reflectance. Remarkably, laminated PSCs exhibit an en-
hanced V oc and lower n id, indicating reduced non-radiative recombina-
tion losses. These outcomes are consistent with the smoother surface and
larger grains of the perovskite absorber, which typically benefit device
performance by decreasing trap-state density and enhancing charge car-
rier extraction. Furthermore, laminated PSCs demonstrate exceptional
shelf-life stability over a year while references degrade rapidly. Even
under continuous illumination, laminated devices maintain stable power
outputs both at room temperature and at 80 °C over 100 h. These
experimental results highlight that lamination contributes to achiev-
ing operational stability, addressing one of the remaining challenges of
perovskite-based PVs. The outstanding thermal and long-term device
stability is attributed to i) the improved absorber morphology after the
hot-pressing step, ii) the prevention of critical proximity between the
perovskite and electrode, limiting Au migration, and iii) the potential
barrier function of the superstrate, underscoring a possible direct encap-
sulation feature of the lamination technique. Moreover, PCEs of up to
17.5% with both lamination and conventional methods are demonstrated
at a consistent yield of functional devices over 80% across several batches.
The achieved PCE was one of the highest worldwide for laminated per-
ovskite PVs using a comparable manufacturing process at the publication
date. Exceeding 20% of PCE today, recent advancements highlight the
growing interest in this technique and justify further investments in clos-
ing the efficiency gap towards record-breaking, conventionally-produced
PSCs. Beyond performance and long-term stability considerations, the

147



7 Conclusion

hot-pressing process offers a wider range of accessible material combina-
tions compared to standard PSC fabrication methods. Various applica-
tions were explored in this work, which will be detailed when addressing
the following research questions.

3. Application versatility: To what extent is the lamination tech-
nique relevant for supporting research of new materials, deposition pro-
cesses, and device architectures in perovskite-based photovoltaics?

Lamination overcomes restrictions of standard sequential layer deposi-
tions. Through the device preparation in independent half-stacks, high
flexibility is achieved in the choice of materials, deposition order, and
processing techniques. The fabrication of otherwise inaccessible archi-
tectures is facilitated to target enhanced device performance and long-
term operational stability while supporting the transition to scalable
manufacturing processes. An emblematic material combination in this
work pairs SnO2 on the ETL side and NiOx as HTL atop the perovskite,
resulting in laminated PSCs with good thermal stability over 100 h at
80 °C under continuous illumination. Conventionally manufacturing this
architecture is challenging due to processes that can damage the per-
ovskite absorber: the water solvent and high annealing temperatures
of 250 °C used for SnO2 deposition, and the NiOx sputtering process
involving high-kinetic energy particles. The selected device architecture
showcases the applicability expansion of scalable deposition processes for
functional layers enabled by lamination. Techniques such as sputtering,
usually restricted to layers below the perovskite absorber or requiring
additional buffer layers, are used more flexibly through lamination. This
feature also facilitates the integration of inorganic CTLs, advancing the
long-term stability of perovskite-based PVs. Another application of lam-
ination is the sequential deposition of independently processed absorber
layers to overcome solvent incompatibility issues. With a final thick-
ness exceeding 2 µm of three combined perovskite layers, this technique
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can address challenges in covering textured silicon solar cells for tan-
dem applications, as discussed in Chapter 8. Sequential lamination can
also be used to fabricate heterojunctions with various absorbers, includ-
ing 2D and 3D materials, for enhanced device performance. Ultimately,
the application versatility of the lamination process is demonstrated by
successfully varying the thin-film deposition order, which is severely re-
stricted in standard techniques. The distinct development routes for
single-junction PSCs in n-i-p and p-i-n structures are effectively bridged
by producing identical device architectures in conventional and reversed
deposition order while achieving comparable PCEs. Lamination thus in-
troduces novel improvement strategies, including for tandem PVs, which
will be further explored in the following research question.

4. Tandem technology: How suitable is the presented lamination
process for fabricating monolithic perovskite/silicon tandem solar cells,
particularly in addressing multi-layer designs, light management, and
current-matching requirements among subcells?

Tandem PV is an established technology that enables high PCEs by
overcoming fundamental losses in single-junction devices. With the ad-
vancement of perovskite-based PV, novel material combinations have
rapidly emerged. A promising concept consists of depositing a PSC
directly atop a silicon solar cell to create a monolithic tandem. This ar-
chitecture, involving more layers than a single-junction device, requires
increased flexibility in material combinations and processing methods.
The first prototypes of laminated monolithic perovskite/silicon tandems
demonstrate the potential of this alternative fabrication technique in
that field. These prototypes build on the successful lamination of semi-
transparent PSCs by replacing the opaque rear contact with transpar-
ent conductive oxides. However, designing multi-layer tandems remains
challenging due to optical interdependencies and current-matching re-
quirements. High transparency in front layers is essential to prevent
parasitic absorption and improve charge carrier generation in absorbers.
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Lamination addresses these constraints through several aspects. First,
it allows for the individual optimization of front electrodes on separate
superstrates, preserving sensitive device layer stacks. In that regard,
ultra-thin glass superstrates contribute to optical optimization through
enhanced transparency, high thermal tolerance, and robustness against
harsh processes such as sputtering techniques. Lamination also allows
adjusting the layer stack orientation in the optical path to position the
more transparent layers in front of the absorber and thus reduce parasitic
absorption. This work finally demonstrates the lamination of perovskite
materials with various thicknesses and bandgap energies to achieve a
current-matching condition essential for high-efficiency devices. Over-
all, these insights reveal numerous advantages of the lamination process,
offering a promising route for developing novel perovskite-based PVs.
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This work has established lamination as a promising fabrication method
for perovskite-based solar cells. Further development of this technique
must address three essential pillars of the perovskite technology: scala-
bility, efficiency, and operational stability. Four key aspects for future
research are discussed in the following: 1) Scaling up the lamination
technique first necessitates transitioning to large area deposition pro-
cesses and mastering device fabrication in half-stacks; 2) Upscaling of
laminated perovskite/silicon tandems also requires the use of industri-
ally relevant, typically textured, silicon solar cells; 3) Enriching the lam-
inated architectures with recently proven advanced materials is expected
to improve device performance; 4) One particular technology where lam-
ination could be particularly valuable is perovskite/CIGS tandem PVs,
which combine high efficiency, stability over time and benefits of all
thin-film PVs.

1. Transition to industrial scale processes

While the current size of laminated PSCs (10.5 mm²) and tandems
(1 cm²) is in line with the latest laboratory standards for perovskite-
based solar cells, a critical research objective is the upscaling of this tech-
nology to industrially relevant module sizes. The spin-coating technique
currently used for perovskite processing is the most widely adopted,
yielding the highest PCEs. [66] The perovskite research field benefits from
this relatively simple, compact, time and cost-efficient technique. How-
ever, spin-coating techniques are not suitable for homogeneously process-
ing large areas. Therefore, the transition to scalable deposition methods,
such as thermal co-evaporation, [67,68] inkjet printing, [69,70] slot-die coat-
ing, [26,71,72] and blade coating, [73,74] is inevitable. Furthermore, future
PV production lines can take advantage of the rapid device fabrication
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through parallel half-stack preparation and possible direct encapsulation.
However, the fabrication of laminated devices in two half-stacks presents
challenges that need to be addressed to increase the reproducibility and
manufacturing yield. Currently, lamination requires more manual han-
dling and transport than the standard fabrication method, and the pro-
cess is not fully performed in a protective atmosphere. As a result, lami-
nated samples are exposed to more particles, oxygen, and moisture than
references, reducing reproducibility and fabrication yield. The number
of particle-related defects and exposure to the ambient atmosphere is
expected to be limited by automation, rapid processing, and continu-
ous vacuum systems in future industrial production lines. Alternatively,
transparent buffer layers, such as EVA and POEs, established thermo-
plastic PV encapsulants, [319,320] could be introduced into the layer stack
to fill voids or cushion particles, possibly reducing defect size while com-
pleting the device encapsulation.

2. Incorporating textured silicon subcells in laminated tandems

Upscaling perovskite-based laminated tandem devices will also involve
overcoming challenges such as covering commercially available, typically
textured, silicon solar cells in future research. Standard processing tech-
niques face difficulties coating micrometer-high textures with perovskite
films that are only hundreds of nanometers thick. [342] Uncovered pyra-
midal tips of the silicon texture, outlined in Figure 8.1a, can create
shunt paths detrimental to device performance. Laminating perovskite
absorbers onto textured surfaces could outperform standard sequential
deposition methods. A preliminary experiment, illustrated in Figure 8.1,
demonstrates that laminated perovskite layers on micrometer-sized tex-
tured surfaces achieve uniform coverage and large grain sizes, showcasing
the feasibility of the concept. Alternatively, recent studies indicated that
nanotextured silicon substrates are already sufficient to significantly im-
prove light management in tandems while facilitating the deposition of
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Figure 8.1: Prospective study of laminated perovskite films on micrometer-sized tex-
tured silicon substrates. a) Scanning electron microscopy (SEM) image after deposit-
ing the absorber via standard spin-coating processing, yielding a rough perovskite
surface with incomplete coverage of the silicon textures. The detailed view displays
an emerging pyramid silicon tip through the perovskite layer. b) SEM image of a
textured silicon substrate, and c) after laminating the absorber layer, resulting in a
smooth and outstanding coverage of the silicon textures. The detailed view shows
the hot-pressed perovskite morphology exhibiting larger grains. d) Illustration of
the layer stack when the perovskite is conventionally deposited (left) and laminated
(right). The independently processed perovskite film on an ITO/PEN foil is lami-
nated at 80 MPa, 100 °C for 5 min on the textured silicon substrate. The PEN/ITO
foil is subsequently removed. Further SEM images and configurations are available
in reference [124].

homogeneous perovskite films. [74,173,302,306] Using such strategies, lam-
ination is expected to be readily compatible with textured silicon bot-
tom solar cells. Overall, introducing textures can reduce the reflectance
losses inherent to planar layer stacks, as observed in our first proto-
types. [227,287,303,304] Strategies to enhance in-coupling light include in-
troducing textured foils as anti-reflective coatings on the superstrate
front side, [130,343] and combining lamination with nanoimprint lithog-
raphy. [39,122,135] The latter technique would allow for texturing the per-
ovskite layer and assembling the device half-stacks in a single step. These
innovative methodologies open new perspectives for improving the com-
petitiveness of laminated PSCs.
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3. Advancing laminated architectures

This work presents prototypes showcasing how lamination expands the
range of accessible architectures for perovskite-based solar cells. Fu-
ture research can prioritize materials that enhance operational stability,
scalable processing techniques, and deposition orders that ease device
fabrication. It is also noted that the architectures presented in this work
remain relatively simple. The proof-of-concept devices were primarily
intended to underscore the intrinsic characteristics of the lamination
process. However, future architecture can benefit from recent achieve-
ments reported in the literature, notably regarding passivation tech-
niques. The current architecture could be enriched with advanced opti-
mization strategies to improve device performance, such as incorporating
2D materials for surface passivation and additives for perovskite bulk
passivation. [55,121] In this context, sequential lamination also has sig-
nificant potential to produce perovskite heterostructures with advanced
energy level alignment by combining different materials that cannot be
deposited atop each other otherwise, e.g., due to solvent incompatibili-
ties. Given the vast variety of possible material combinations enabled by
lamination, machine learning is expected to be a key resource in future
optimization processes.

4. Laminated perovskite/CIGS tandem solar cells

Beyond the lamination of monolithic perovskite/silicon tandem solar
cells, future work could explore other subcells, such as CI(G)S, which
pairs well with wide bandgap perovskites. Perovskite/CI(G)S tandem
solar cells already achieve PSCs exceeding 24% and share the advan-
tages of thin-film PVs, enabling the fabrication of flexible, lightweight
devices, with a possible reduction in LCOE. [13,106,344] These device ar-
chitectures benefit from research on perovskite/silicon tandems, includ-
ing efficient passivation techniques and front electrodes. [174] However,
challenges remain, such as imperfect perovskite deposition on the rough
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CI(G)S surfaces and damage to the bottom cell during fabrication. Lam-
ination could overcome these processing hurdles, facilitating the fabri-
cation of perovskite/CI(G)S tandems. [292] A preliminary experiment in
Figure 9.12, Appendix, demonstrates the feasibility of laminating a PSC
onto a CI(G)S bottom cell via hot-pressing. The very first prototype
achieves 9.7% of PCE, with evident contributions from both subcells as
indicated by EQE characterizations and a V oc adding up to 1.45 V. This
proof-of-concept device demonstrates that lamination readily applies to
various tandem PV architectures, paving the way for further advances
in the field.
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Lamination program

The lamination program in Table 9.1 is specifically written for the in-
house developed machine Wum2 at IMT (KIT). The tree critical param-
eters are temperature (here 90 °C), pressure (100 MPa), and duration
(5 min). The bottom plate position controls the applied pressure, while
the top plate remains fixed. After the chamber closes (step 1), machine
plates are heated (2), and contact between the top plate and sample
is made (3). The chamber atmosphere is cleaned by successive cycles
of pumping down and N2 flushing (4). When the temperature reaches
90 °C (5), hot-pressing starts by applying a pressure of 20 000 N (6) for
5 min. This force corresponds to a pressure of 100 MPa for a (14x14) mm
large hot-pressed area. Samples are then cooled to 45°C (7), pressure
is released, and the chamber opens (8). All hot-pressing and lamina-
tion processes performed in this work follow this procedure, and only
pressure, temperature, and duration are adjusted. The eight steps are
illustrated in Figure 3.2 (Section 3.1.3), displaying pressure and temper-
ature over time.
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Table 9.1: Program used for hot-pressing thin films and laminating perovskite-based
solar cells.

Phase Step Command

Heating 1 Initialize ForceControl(true/false=0)

Open File Measure( )

Close Chamber( )

2 Start Heating( )

Position relative(Pos:4mm, Vel:2mm/min, MaxForce:2kN)

3 SetMeasureForce0()

Touch Force(Force=100N)

Position relative(Pos:1µm, Vel:0.05mm/min, MaxForce:5kN)

4 Evacuate Chamber( )

Wait Time(Time=10.00s)

Venting Chamber( )

Wait Time(Time=5.00s)

Evacuate Chamber( )

Wait Time(Time=10.00s)

Venting Chamber( )

Wait Time(Time=5.00s)

Force - Force controlled(Force:1.5kN, Vel:0.5mm/min)

IF Test Temperature >=(Temperature=88.0deg, Channel=8)

Start Cooling( )

Temperarture <=(Temperature=90.0deg, Channel=8)

ENDIF

Temperature >=(Temperature=87.0deg, Channel=8)

Stop Heating( )

5 Wait Time(Time=25.00s)

Continued on next page
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Phase Step Command

Hot- 6 Force - Force controlled(Force:20kN, Vel:0.5mm/min)

pressing Heating(Temp=90.0deg,>limit=90.0deg,<limit=89.0deg)

6 Wait Time(Time=300.00s)

Cooling 7 Start Cooling( )

Temperature <=(Temperature=45.0deg, Channel=8)

8 Position relative(Pos:-0.5mm,Vel:0.05mm/min, MaxForce:2kN)

Close File Measure( )

Venting Chamber( )

Wait Time(Time=5.00s)

Stop Cooling( )

Open Chamber( )

Unlock door( )
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Deposition study of sputtered IO:H electrodes
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Figure 9.1: Electrical and optical characterizations of IO:H transparent conductive
oxides. The deposition time and O2 flow are varied during sputtering deposition on
glass substrates, impacting sheet resistance, thickness, and transparency. a) Sheet
resistance of IO:H films for a deposition time from 2000 to 5850 s. The sheet re-
sistance decreases with a longer deposition time and a 0.8 sccm O2 flow (black)
compared to 1.6 sccm (blue). b) IO:H thickness, linearly increasing with deposition
time. c) Absorptance measurement of IO:H layers with different O2 flow while depo-
sition time is fixed at 3300 s. The outlined arrow highlights less parasitic absorption
at longer wavelengths than 400 nm with an O2 flow of 1.6 sccm compared to 0.8 sccm.
d) Absorptance (solid line) and transmittance (dashed line) of IO:H films for differ-
ent deposition times, while O2 flow is fixed at 1.6 sccm. Low parasitic absorption
losses are observed for all deposition times. Transmittance measurements reveal a
shift in interference patterns, attributed to different layer thicknesses. In conclusion,
a 1.6 sccm O2 flow and a deposition time of 4850 s are retained to sputter the IO:H
front electrode with enhanced conductivity and transparency on glass superstrates
for laminated tandems in Section 6.3.
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State-of-the-art lamination techniques for perovskite solar cells

Table 9.2: Overview of state-of-the-art lamination techniques for perovskite solar
cells with corresponding reference, publication date, and achieved PCE. Two ap-
proaches are distinguished: the electrode transfer technique, including carbon-based
electrodes, and hot-pressing at the perovskite/perovskite interface.

Reference Publication PCE (%) Electrode Carbon- Perovskite/

date transfer based Perovskite

[265] 2010 2.5 X – –
[266] 2013 2.4 X – –
[200] 2014 15.5 X – –
[201] 2014 9.9 X X –
[345] 2015 11.3 X – –

[346] 2015 12.0 X X –
[196] 2015 13.5 X X –
[347] 2015 10.1 X – –
[348] 2016 9.6 X – –
[268] 2017 15.7 X X –

[281] 2017 15.0 X X –
[207] 2017 13.7 X – –
[146] 2017 6.9 – – X
[150] 2018 10.6 – – X
[349] 2018 15.0 X X –

[202] 2018 19.2 X X –
[350] 2019 12.8 X – –
[199] 2019 16.4 X – –
[246] 2019 10.7 X X –
[269] 2019 10.9 X X –

Continued on next page
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Reference Publication PCE (%) Electrode Carbon- Perovskite/

date transfer based Perovskite

[143] 2019 12.6 X – –
[351] 2019 13.5 X – –
[270] 2019 17.3 X – –
[197] 2019 7.1 X X –
[222] 2020 8.5 – – X

[267] 2020 10.0 X – –
[14] 2020 14.6 – – –
[166] 2020 15.7 X – –
[249] 2020 15.3 X X –
[198] 2021 16.6 X X –

[242] 2021 17.1 X – –
[203] 2022 14.1 X – –
[243] 2022 12.7 X – –
[120] 2022 17.5 – – –
[204] 2022 15.1 – – X

[115] 2023 17.2 – – X
[205] 2023 22.3 – – X
[206] 2024 21.0 – – X
[352] 2024 20.8 X – –
[353] 2024 20.3 X X –
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Hot-pressed perovskites and lamination interface

This study investigates to what extent the pressure is involved in im-
proving perovskite crystallinity and morphology during a hot-pressing
process. The applied pressure varies from 5 to 150 MPa, while tem-
perature and time are fixed at 90 °C and 5 min, as illustrated in Fig-
ure 9.2. X-ray diffraction characterizations of hot-pressed perovskites
demonstrate a similar pattern as in pristine films. This result indicates
that the absorber composition is preserved even under pressures as high
as 150 MPa. Increased intensity of the dominant peak at 14.2° in hot-
pressed films also suggests an enhanced crystallinity, as discussed in Sec-
tion 4.2. The perovskite surface morphology is examined using AFM
images. Perovskite grains are slightly larger after treatment (290 nm)
than in as-deposited films (270 nm). However, no evident pattern im-
plies that higher pressure consistently induces grain growth. 5 MPa
appears insufficient to modify the absorber surface (Figure 9.2e), and
RMS values remain similar to as-deposited perovskites (20 nm). Visi-
ble recrystallization of the absorber surface starts at 20 MPa. Beyond
50 MPa, the RMS roughness is significantly reduced to under 10 nm.
Therefore, 50 MPa constitutes a minimum pressure threshold for fabri-
cating perovskite-based solar cells.
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Figure 9.2: Crystallinity and morphological characteristics of pristine and hot-
pressed perovskites depending on the applied pressure. The investigated layer stack
is glass/ITO/perovskite hot-pressed at 90 °C for 5 min under 5 to 150 MPa. a) X-ray
diffraction measurements showing the characteristic signature of the triple-cation ab-
sorber. Circles highlight ITO peaks at 21.4° and 30.4°. b) Grain size measurement
of hot-pressed and pristine perovskites. SD stands for standard deviation. c) Root
mean scare (RMS) surface roughness for different applied pressures. d) Exemplary
process performed at 50 and 100 MPa. e) Representative atomic force microscopy
(AFM) images of perovskite surface as-deposited and hot-pressed under 5, 20, and
120 MPa, respectively. AFM scale bar corresponds to 1 µm. Further AFM images
are available in reference [123].

164



9 Appendix

ITO
SnO -np2

PTAA
NiOx

Glass

Perovskite

A

B

PEN foil
Au

(a)

(d)

5

10

15

P
C

E
 (

%
)

0.5 0.8 1
PTAA concentration (mg/mL)

2 3 4 5 6 0.5 0.8 1
PTAA concentration (mg/mL)

2 3 4 5 6

With PTAA (b)

V
oc

 (
V

)

0.4

0.6

1.0

0.8

5

10

15

20

25

J s
c (

m
A

/c
m

²)

(c)

50

70

F
F

 (
%

)

30

10

 Mean ± 1 SD
 Min~Max
 Median Line
 Mean

Figure 9.3: Performance of laminated perovskite solar cells (PSCs) with a PTAA
layer at the lamination interface between the NiOx and perovskite layer. a) PCE,
b) V oc, c) FF, and d) J sc of laminated PSCs without (grey) and with PTAA (green).
The concentration of PTAA dissolved in toluene – related to the film thickness –
varies from 0.5 to 6.0 mg/mL. Device architecture is illustrated in d). The thin
PTAA layer is presumed to enhance the mechanical and electrical contact between
the recrystallized perovskite and NiOx. Improved PCE principally results from higher
FF and V oc for PTAA concentrations of up to 2 mg/mL. Decreased performance at
higher concentrations suggests that PTAA is too thick and becomes insulating.

165



9 Appendix

FF
 (%

)
J s

c 
(m

A
/c

m
²)

60

70

80

R
sh

un
t (

kΩ
)

100

10

1

PC
E

 (%
)

V
oc

 (V
)

(a) (b)

(c) (d)

(e) (f)

R
se

ri
e 

(Ω
)

 

Backward ForwardBackward Forward

12

14

16

1.05

1.08

1.11

1.14

17

16

18

19

0

50

100

150

 Mean ± 1 SD
 Min~Max
 Median Line
Mean

Figure 9.4: Performance statistics of laminated semi-transparent perovskite solar
cells. a) PCE, b) FF, c) V oc, d) J sc, e) series resistance (Rseries) and f) shunt
resistance (Rshunt) extracted from J-V characteristics of laminated devices in back-
ward and forward scanning directions, respectively. Measurements performed without
masks. Min., Max., and SD stand for minimum, maximum, and standard deviation,
respectively. The corresponding fabrication yield is 88%, with 28 functional devices
out of 32 fabricated (decision criterion: PCE>12%). Experimental details on the
optimization of SnOx deposition via ALD are available in reference [124].
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Lamination parameters and device performance
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Figure 9.5: Investigation of the lamination temperature upper limit for fabricating
perovskite solar cells (PSCs). Device architecture is shown in Figure 9.6a. a) PCE,
b) V oc, c) FF, and d) J sc of laminated PSCs fabricated at temperatures from 90 to
110 °C, 80 MPa for 5 min. While the J sc remains constant, increased tempera-
ture results in decreased V oc and FF. This degradation is attributed to a perovskite
decomposition occurring at high temperatures, as indicated by X-ray diffraction mea-
surements in Section 4.2. The process window for laminating efficient PSCs is thus
limited to a maximum temperature of 100 °C.
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Figure 9.6: Light management in laminated perovskite solar cells (PSCs) depending
on the lamination duration. a) Illustration of the device architecture. b) External
quantum efficiency (EQE) and reflectance measurements of laminated PSCs for 5 to
30 min lamination times. The pressure and temperature are fixed at 80 MPa and
90 °C. Values in parenthesis correspond to integrated J sc. The outlined arrow high-
lights an EQE signal shift between 600 and 750 nm, mirroring the reflectance mea-
surement. This shift is attributed to a progressive reduction of the perovskite surface
roughness for longer lamination times, as demonstrated in Section 4.3.2. Adapted
from reference [120] with the permission of Wiley.
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Stability study on laminated perovskite solar cells
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Figure 9.7: Shelf-life stability study of laminated perovskite solar cells (PSCs, 3 de-
vices), in comparison with conventionally produced references (3) with the same
architecture. Device architecture is shown in Figure 9.6. a) Evolution of the PCE,
b) FF, c) V oc, and d) J sc over 100 days compared to initial values. PSCs were stored
according to the ISOS-D-1-I protocol and bi-weekly characterized under 1-Sun. [64]
Laminated devices remarkably maintained a stable power output over 100 days.
Meanwhile, references degraded rapidly with a PCE decreasing by 20%rel in the
first month. e) Evolution of current density-voltage characteristics of a representa-
tive laminated PSC, and f) reference. The reference degradation correlates with the
emergence of an S-shape over time. Reproduced from reference [120] with the permis-
sion of Wiley.
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Laminated perovskite/silicon tandem solar cells
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Figure 9.9: Optical characterization of PEN foils with an ITO layer and an MgF2
anti-reflective coating. a) Absorptance of the layer stack from left to right: PEN foil
(stack I), PEN/ITO foil (stack II), and MgF2/Glass/RIL/PEN/ITO foil (stack III).
RIL stands for refractive index liquid, which fills the gap between the PEN foil and
glass substrate. PEN foils cause substantial parasitic absorption losses from 300 to
400 nm. The ITO layer additionally causes optical losses at longer wavelengths.
b) Transmittance (solid lines) and reflectance (dashed) are displayed for the three
layer stacks. The MgF2 reduces reflective losses caused by the PEN foil at wavelengths
from 450 nm. Adapted from reference [120] with the permission of Wiley.
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ovskite/silicon tandem solar cell. a) Illustration of the device architecture. The
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ing probes during characterization. The 1.54 refractive index liquid (RIL) fills the
gap between the PEN foil and glass substrate to improve light coupling. b) Exter-
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Figure 9.11: Introduction of a LiF passivation layer in laminated mono-
lithic perovskite/silicon tandems. The tandem device architecture com-
prises IO:H/C60/(LiF) deposited on 30 µm ultra-thin glass superstrates,
and NiOx/2PACz/perovskite deposited on heterojunction silicon (SHJ) sub-
cells. Half-stacks are subsequently laminated at 200 MPa, 90 °C for 5 min.
Single-junction devices are conventionally produced as references and comprise
glass/ITO/NiOx/2PACz/perovskite/(LiF)/C60/BCP/Au. a) V oc of single-junction
perovskite solar cells (PSCs) and laminated tandems with and without a 1 nm thick
LiF layer at the perovskite/C60 interface. SD stands for standard deviation. Outlined
arrows highlight a V oc improvement of 50 and 64 mV on average in single-junction
and laminated tandem devices with surface passivation. b) External quantum ef-
ficiency (EQE) characterization of laminated tandems. Integrated J sc values are
displayed in respective areas with LiF (green) and without (grey). This additional
layer does not impact other J-V characteristics, especially the J sc remaining constant
at 16 mA/cm² in both subcells.
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Laminated perovskite/CIGS monolithic tandem solar cells
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Figure 9.12: Proof-of-concept experiment of a monolithic perovskite/CIGS tandem
device fabricated via lamination. a) Illustration of the device architecture and lami-
nation process. The front stack of a n-i-p perovskite solar cell (PSC, A) is hot-pressed
on a modified copper indium gallium selenide solar cell (CIGS, b) at 90 °C, 80 MPa
for 5 min. b) Current density-voltage (J-V) characteristics of the champion laminated
device. Due to uncertainty in the exact active area, J-V characteristics are scaled to
integrated J sc from external quantum efficiency (EQE) measurement. c) Maximum
power point tracking showing the PCE, current density (J), and voltage over time. A
photograph of the laminated tandem is provided in the inset. A red scare highlights
the corresponding active area. d) EQE of the champion device and reflectance (R)
measurement of an identical layer stack (dashed line). Current densities generated in
PSC (grey) and CIGS (purple) solar cells are displayed in respective areas. Experi-
mental details on the device fabrication are available in reference [182].
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Figure 9.13: Lamination of a perovskite film on a rough copper indium gallium
selenide (CIGS) solar cell. a) Illustration of the perovskite layer lamination on a
modified CIGS solar cell. The perovskite surface is investigated after peeling off the
PEN/ITO foil. b) Scanning electron microscopy (SEM) of the perovskite surface
at different scales. The CIGS surface is successfully covered with a recrystallized
perovskite absorber, exhibiting large grains. Further SEM images are available in
reference [124].
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Resources and tools

This work was conducted at the Karlsruhe Institute of Technology (KIT)
as part of a collaboration between the Institute of Microstructure Tech-
nology (IMT),1 and the Light Technology Institute (LTI).2 Thin-films
processing and characterizations of perovskite-based solar cells were
primarily conducted in the LTI laboratories. Thin-film characteriza-
tions were predominantly performed at IMT. Hot-pressing perovskite
absorbers and laminating single-junction and tandem solar cells were
conducted using the hydraulic press Wum2 at IMT. Further details on
the experimental methods employed are provided in Chapter 3. Ex-
perimental data presented in this work were processed using the data
analysis software Origin. Image J was used to process images, notably
AFM and PL images. The technical illustrations in this work were cre-
ated using the vector graphics editor Inkscape. This dissertation was
written using the LaTeX editor Overleaf. Language models were used
in the preparation of this work exclusively to correct syntax errors and
obtain suggestions for improving text readability, without providing any
scientific contribution or supporting the data analysis. References cited
in the Bibliography were managed using Citavi and Mendeley.

The financial support was provided by the Helmholtz Young Investigator
Group (HYIG) of Prof. Dr. Ulrich W. Paetzold (FKZ VH-NG-1148),
POF IV 38.01.04, the Helmholtz Energy Materials Foundry (HEMF),
the Federal Ministry for Economic Affairs and Climate Actions (27Plus6
(Grant: 03EE1056B) and TOUCH (Grant: 0324351) projects). The
research was supported by the Karlsruhe School of Optics and Photonics
(KSOP). The European Union co-funded the study (ERC, Lami-Pero,
101087673). Views and opinions expressed are, however, those of the
authors only and do not necessarily reflect those of the European Union
or the European Research Council. Neither the European Union nor the
granting authority can be held responsible.

1 IMT, Forschungszentrum 240, 76344 Eggenstein-Leopoldshafen, Germany
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Photovoltaics (PV) play a central role in the global transition to renewable en-
ergy sources. Among the new concepts being developed, perovskite solar cells 
have emerged as a particularly promising technology for next generation PV.
This work presents an innovative manufacturing process for perovskite-based 
solar cells using lamination. The devices are processed in two independent 
half-stacks, which are united in a final step by hot-pressing. This approach 
contrasts with the conventional method of sequential layer deposition and 
increases the freedom in the choice of materials, deposition techniques, and 
solar cell architectures. 
Proof-of-concept architectures are presented that are difficult or impossible 
to fabricate conventionally, with a focus on scalable deposition techniques for 
the inorganic contact layers. Laminated perovskite solar cells achieve power 
conversion efficiencies on par with conventional references while exhibiting 
enhanced long-term stability over a year. The process also appears readily 
applicable to tandem PV, as showcased by the first prototypes of laminated 
monolithic perovskite/silicon tandem solar cells with a significant improve-
ment in efficiency. This work thus demonstrates that lamination offers the 
necessary flexibility in fabrication of perovskite-based PV to directly address 
the remaining milestones of the technology worldwide – scalability, stability, 
and efficiency – paving the way toward commercialization.

JULIE ROGER 
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