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1 Deutsche Zusammenfassung

Das Hauptziel der Arbeit ist es, die Auswirkungen der Verarbeitung und der daraus resultierenden Nano-
struktur auf die optoelektronischen Eigenschaften von Bleihalogenid-Perowskit-Schichten und Ladungs-
extraktionsschichten zu verstehen, die üblicherweise in optoelektronischen Bauelementen auf der Basis
von Bleihalogenid-Perowskiten verwendet werden. Die Dissertation behandelt dieses Thema in sechs
Kapiteln, die in drei Blöcke unterteilt sind. Diese drei Themenblöcke und die entsprechenden Artikel
sind auch in der Abbildung 1.1 dargestellt.
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Figure 1.1: Überblick über die verschiedenen Forschungsprojekte und die entsprechenden Publikatio-
nen.

Der erste Block (blau, Publikation 1 + 2, siehe Kapitel 9 + 10) befasst sich mit der Verarbeitung von
Metallhalogenid-Perowskiten in Lösung mittels Spin-Coating, der aktuell am häufigsten eingesetzten Ve-
rarbeitungstechnik zur Herstellung von Perowskit-Schichten im Labormaßstab. Im ersten Artikel ’How
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the ionic liquid BMIMBF4 influences the formation and optoelectronic properties of MAPbI3 films’ wurde
der Einfluss einer ionischen Flüssigkeit auf die Filmbildung und die endgültigen optoelektronischen Eigen-
schaften von MAPbI3 während des einstufigen Spin-Coatings und des Solvent-Engineering-Ansatzes
mittels optischer multi-modaler In-situ-Spektroskopie untersucht. Die aus dieser Studie gewonnenen
Einsichten und Erkenntnisse haben die im zweiten Artikel ’Improved control of perovskite thin film fab-
rication via reactive spin coating and real time In-Situ feedback’ vorgestellten Untersuchungen direkt
inspiriert und initiiert. In dieser Arbeit wurde der experimentelle In-Situ-Aufbau, der in Publikation 1
verwendet wurde, modifiziert, um ein Feedback aus den optischen Spektren während der Verarbeitung
eines MAPbI3 -Dünnfilms zu erhalten. Auf der Grundlage dieses Echtzeit-Feedbacks wurde erstmals die
Perowskit-Kristallisation in Abhängigkeit von systeminternen Parametern und nicht von systemexternen
Parametern induziert. Dieser reaktive Spin-Coating-Ansatz ermöglicht die Herstellung von Perowskit-
Dünnschichten mit gleichbleibender Qualität und gleichbleibenden optoelektronischen Eigenschaften
ohne Optimierungsschritte bei Variation der externen Parameter.

Der zweite Themenblock (grün, Publikation 3, 4, 5, siehe Kapitel 11, 12, 13) meiner Dissertation
befasst sich mit der lösungsmittelfreien alternativen Verarbeitung von Bleihalogenidperowskit zur Ent-
kopplung von Synthese und Filmbildung. Dabei werden bereits synthetisierte Perowskit-Pulver verwen-
det, um (dünne/dicke) Perowskit-Schichten zu herzustellen. In Publikation 3 ’First of Their Kind: Solar
Cells with a Dry-Processed Perovskite Absorber Layer via Powder Aerosol Deposition and Hot-Pressing’
wurden MAPbI3-Absorberschichten mittels Pulver-Aerosol-Abscheidung (PAD) und einem optionalen
Heißpressschritt verarbeitet. In dieser Arbeit konnten erstmals voll funktionsfähige trocken prozessierte
Perowskit-Solarzellen mit Wirkungsgraden bis zu 6% realisiert werden. Der gesamte Solarzellenstapel
wurde Schicht für Schicht untersucht, um Potenziale zur Verbesserung der optoelektronischen Funk-
tionalität jeder einzelnen Schicht und des Stapels als Ganzes zu identifizieren. Eine weitere detaillierte
Studie mit besonderem Schwerpunkt auf den Auswirkungen des (Heiß-)Pressens auf die optoelektroni-
schen Eigenschaften von PAD MAPbI3-Filmen wurde in Artikel 4 ’Orientation and Grain Size in MAPbI3
Thin Films: Influence on Phase Transition, Disorder, and Defects’ durchgeführt. In dieser Veröffentlich-
ung wurde dargestellt, wie kleine Unterschiede in der Morphologie (d.h. kristallographische Orientierung
oder Korngröße) optoelektronische und strukturelle Eigenschaften, insbesondere Phasenübergang, De-
fekte und energetische Unordnung, beeinflussen. Ähnliche Untersuchungen zum Zusammenhang zwi-
schen kristallographischen Veränderungen und den daraus resultierenden optoelektronischen Eigenschaf-
ten wurden in der letzten Studie - Publikation 5, ’Structural Diversity in Layered Hybrid Perovskites,
A2PbBr4 or AA′PbBr4, ‘Templated by Small Disc-Shaped Amines’ - dieses Blocks durchgeführt. Hier
wurden die Spacermoleküle systematisch variiert, um 2D-Perowskit-Schichten mit unterschiedlichen Kor-
rugationslängen und Kristallstrukturen zu erzeugen, und die entsprechenden optoelektronischen Eigen-
schaften wurden für eine mögliche Anwendung in einer Weißlicht-LED charakterisiert.

Der dritte Block (gelb, Publikation 6, siehe Kapitel 14) und die letzte Studie ’Intricacies and Mechanism
of p-Doping Spiro-MeOTAD Using Cu(TFSI)2’ innerhalb dieser Arbeit knüpft an die lösungsmittelfreie
Prozessierung an, nur jetzt nicht mehr einer Perowskitschicht, sondern einer Ladungsextraktionsschicht
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für Bleihalogenid-Perowskit-basierte Solarzellen. Der Schwerpunkt dieses Projekts lag auf dem Verständ-
nis des genauen Dotierungsmechanismus eines aufgedampften Lochtransportmaterials mit einem mitver-
dampften Dotierstoff und der Auswirkung der Dotierstoffkonzentration auf die optoelektronischen Eigen-
schaften der entsprechenden Filme. Mit Hilfe dieses Co-Verdampfungsansatzes könnte man den Bedarf
an Lösungsmitteln bei der Herstellung von Perowskit-Solarzellen weiter reduzieren.
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2 English Abstract

The main aim of the thesis is to understand the impact of the processing and the resulting nanostructure
on the optoelectronic properties of lead halide perovskite layers and charge extraction layers, which are
commonly used in lead halide perovskite-based optoelectronic devices. The thesis addresses this issue in
six chapters, which shall be grouped into three blocks. These three research areas and the corresponding
articles are also shown in Figure 2.1.

Figure 2.1: Overview of the different research projects and the corresponding research articles. The
projects can be divided into three research areas.

The first block (blue, Publication 1 + 2, see chapters 9 + 10) deals with the solution processing of
metal halide perovskites via spin coating, which is the state-of-the-art processing technique to fabricate
perovskite layers on a lab scale. In the first article, ‘How the ionic liquid BMIMBF4 influences the forma-
tion and optoelectronic properties of MAPbI3 films’, the impact of an ionic liquid on the film formation
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and the final optoelectronic properties of MAPbI3 during the one-step spin coating and the solvent
engineering approach was investigated via optical multi-modal in-situ spectroscopy. The insights and
findings gained from this study directly inspired and initiated the investigations presented in the second
article ‘Improved control of perovskite thin film fabrication via reactive spin coating and real time in-situ
feedback’. In this work, the experimental in-situ setup, which was used in Publication 1, was modified
to obtain feedback from the optical spectra during the processing of a MAPbI3 thin film. Based on
this real-time feedback, the perovskite crystallite was induced depending on system-internal parameters
rather than system-external ones. This reactive spin coating approach allows to fabricate perovskite thin
films with consistent quality and optoelectronic properties without any optimization steps while varying
external parameters.

The second topic block (green, Publication 3, 4, 5, see chapters 11, 12, 13) of my thesis will be
about solvent-free alternative processing of lead halide perovskite to decouple the synthesis and the film
formation. Here, already synthesized perovskite powders are used to process (thin/thick) perovskite
layers. In Publication 3, ‘First of Their Kind: Solar Cells with a Dry-Processed Perovskite Absorber
Layer via Powder Aerosol Deposition and Hot-Pressing’, MAPbI3 absorber layers were processed via
powder aerosol deposition (PAD) and an optional hot-pressing step. For the first time, fully functioning
dry-processed perovskite solar cells with efficiencies up to 6% could be realized in this work. Further,
the whole solar cell stack was investigated layer-by-layer to identify potentials for improvement of the
optoelectronic performance of each layer and the stack as a whole. An additional in-depth study with
a particular focus on the impact of the (hot-)pressing step on the optoelectronic properties of PAD
MAPbI3 film was published in article 4, ‘Orientation and Grain Size in MAPbI3 Thin Films: Influence on
Phase Transition, Disorder, and Defects’. This publication presented how small differences in morphol-
ogy (i.e. crystallographic orientation or grain size) impacts optoelectronic as well as structural properties,
in particular phase transition, defects, and energetic disorder. Similar investigations on the relationship
between crystallographic changes and the resulting optoelectronic properties were conducted on pressed
perovskite pellets in the last study – Publication 5, ‘Structural Diversity in Layered Hybrid Perovskites,
A2PbBr4 or AA′PbBr4, ‘Templated by Small Disc-Shaped Amines’ – of this block. Here, the spacer
molecules were systematically varied to induce 2D perovskite sheets with different corrugation lengths
and crystal structures, and the corresponding optoelectronic properties were characterized for potential
application in a white light LED.

The third block (yellow, Publication 6, see chapter 14) and the last study within this thesis, ‘Intri-
cacies and Mechanism of p-Doping Spiro-MeOTAD Using Cu(TFSI)2’, ties in with the solvent-free
processing, only now no longer of a perovskite layer, but of a charge extraction layer for lead halide per-
ovskite based solar cells. The focus of this project was to understand the exact doping mechanism of an
evaporated hole transport material with a co-evaporated dopant and the effect of dopant concentration
on the optoelectronic properties of the respective films. Using this co-evaporation approach, one could
further reduce the need for solvents when fabricating perovskite solar cells.
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3 Motivation and Research Question

Hybrid perovskites, in particular lead-halide perovskites, have attracted a lot of attention in recent
years due to their outstanding properties suitable for optoelectronic devices, such as solar cells,1–7 light
emitting diodes (LED)8–14 or photo- and X-ray detectors.15–18 A big advantage of this material class is
the chemical tunability: Different materials or a combination thereof can be introduced into the ABX3

crystal structure in order to flexibly tailor and optimize the optoelectronic properties, such as band gap,
of the perovskite.19–25 Thus, in the case of perovskite solar cells, the power conversion efficiency could
be increased from 3.8%, as reported in the first study in 2009,1 to currently over 26%, making perovskite
solar cells (PSC) even more efficient on lab scale than silicon-based cells.6 Similar improvements could
also be observed for perovskite LEDs since their introduction in 2014 and an external quantum efficiency
of up to 28% is achieved.9, 11, 26–28 These advances make perovskite based optoelectronic devices one of
the most promising candidates for the next generation of photovoltaic and LED technologies. However,
despite great progress in research, there are still some challenges that need to be solved before perovskite
devices are ready for the commercial market. These challenges include the following aspects:

There are gaps in fundamental understanding of the relation between the physical/chemical proper-
ties and processes to the resulting optoelectronic properties and device applications. For example, it is
observed that minimal changes in processing conditions, such as environmental atmosphere (e.g. hu-
midity) or composition of the starting solution, can have a major influence on the resulting perovskite
layer, or that oxygen and light can induce negative effects within the perovskite layer during operation of
the perovskite solar cell, negatively impacting the efficiency of the solar cells.29–35 Much of the research
is currently based on trying out different perovskite compositions, additives and additional intermedi-
ate layers and testing what effect each change has on the final devices. However, this trial-and-error
approach always requires the fabrication of complete devices. As the crystallization of the perovskite
film is very sensitive to the ambient conditions, a complete understanding of the film formation and the
resulting film properties is crucial in order to narrow down the parameter space to be tested, to make the
development of the solar cells more efficient and to ensure a high level of reproducibility. In this context,
in-situ methods, i.e. measurement methods for characterizing the material properties during perovskite
film formation via spin coating, have become increasingly important.36–46 These in-situ methods, such
as X-ray scattering or optical spectroscopy, can be used to investigate and identify the individual process
phases of film formation. In addition, the influences of processing changes, such as the addition of an
additive or an additional layer below the perovskite layer, can be understood and correlated with the
resulting final film properties. The knowledge gained from the in-situ studies can be used to develop
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manufacturing protocols to obtain reproducible, high-quality absorber layers independently of labora-
tory and environment conditions. Analogously, in the field of LED application, where low dimensional
perovskites are especially promising due to the tunability of their optoelectronic properties, it is still
not fully understood which spacer molecule and the corresponding crystal structure leads to optimal
optoelectronic properties.20, 47–50

Secondly, the described sensitive dependence between film formation and final film properties in stan-
dard spin coating and all other solution-based processes is still an ongoing research focus of many
projects. However, it can be overcome with the help of powder-based/dry film processing methods such
as pressing51–55, evaporation56–58 or powder aerosol deposition (PAD).59–62 The perovskite powders can
be produced stoichiometrically pure and independently before film fabrication, and show outstanding
chemical stability over years.63 Thus, the powder-based approach enables material synthesis and film
formation to be completely decoupled from each other. This makes films directly processed from powder
a promising alternative to solution-processing. Here, the challenge that needs to be addressed is the
understanding of the relationship between the powder properties and the final film properties and how
these properties can be influenced by the processing. Currently, thick films with a thickness of around
1 mm are primarily produced from perovskite powders by pressing and are employed as X-ray detectors.
In addition, as the dry processing does not require large quantities of toxic solvents such as dimethylfor-
mamide (DMF),64, 65 the dry processing consequently represents a technically very interesting approach
to producing perovskite films for absorber layers in solar cells. However, this requires layer thicknesses in
the range of approx. 1 µm, which was not possible before this work. But, after resolving this issue, the
dry processing could be a potential method for producing perovskite solar cells with consistent efficiency
on a larger surface area (10.000 cm2) than the standard method via spin coating used on laboratory
scale (solar cell size: < 1 cm2), which is not viable for upscaling.66–68

Besides the perovskite layer itself, the charge transport layers also play a decisive role in the overall
performance of the final optoelectronic devices.69–71 In the context of PSCs, organic semiconductors
are often used as charge extraction layers. For that, however, the electronic properties of the organic
semiconductor need to be improved via doping, as the intrinsic conductivity of this class of semiconduc-
tors is typically too low.72–76 Here, the most common approach for charge transport layers in PSCs is
doping via air-oxidation enhanced by additives.74, 77 Unfortunately, this doping method is not yet fully
controllable and the doping process can induce device degradation and efficiency losses. Thus, there is
a need for new, controlled and reliable doping approaches.69, 78–82

Based on these considerations, the central question of my work therefore is, how the processing
and the resulting nanostructure affect the optoelectronic properties of lead halide perovskite
layers and charge extraction layers, which are commonly used in lead halide perovskite-based
optoelectronic devices. For this purpose, I investigated both wet solution-based and dry powder-based
processes for perovskite film fabrication, as well as a new processing approach for doped hole extraction
layers via co-evaporation. These projects may be grouped into three central subtopics:
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1. Relationship between film formation and final film properties of perovskite films processed
from solution
One focus of my research is the understanding of perovskite film formation and what effects the ob-
served processes have on the final properties. I use multimodal in-situ optical spectroscopy to investigate
the individual steps of the perovskite film formation process during spin coating. With these measure-
ments we can then understand whether there are correlations between observable intermediate phases
and the resulting final nanostructure and the optoelectronic properties of the film and how these cor-
relations can be influenced by additives. The findings of these studies are presented in chapters 9 and 10.

2. Powder-based and dry-processed perovskite thick and thin films and the influence of nanos-
tructured perovskite powders on their optoelectronic properties
The second focus of my work is on powder-based and dry-processed perovskite layers. Here, the layers
are processed from powder into thick films (1 mm thick pellets) by pressing or into thin films by pow-
der aerosol deposition (PAD) (and pressing). I am interested in how the nanostructure of the starting
powders or changes in the nanostructure induced by pressing influence the optical and optoelectronic
properties. The corresponding studies can be found in chapters 11 - 13 of this work.

3. Alternative doping mechanism for organic hole transport materials.
The last research focus of this thesis (see chapter 14) is the understanding of an alternative doping
approach for organic hole transport materials via co-evaporation of the organic component and the
respective dopant in order to obtain a more controlled and efficient doping and a more homogeneously
doped charge transport layer.
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4 Lead Halide Perovskites

4.1 Structure, Composition and Optoelectronic Properties
The term perovskite generally refers to a specific crystal structure that was first found in the mineral
CaTiO3 and named after the Russian mineralogist Lev Perovski.83 All materials classified as perovskites
show an ABX3 structure, which is depicted in figure 4.1a). The A position is occupied by a cation while
the B and X positions correspond to a metal and an anion, respectively.84, 85 The structure consists of
an BX6 network in an octahedral arrangement, where the A cations occupy the interstitial spaces in
between the octahedras. Thus, there is a limitation to the size of the ions in order to form a stable
crystal structure. Goldschmidt described the condition for stable perovskite crystals by a geometrical
tolerance factor t

t = rA + rX√
2 · (rB + rX )

, (4.1)

where ri is the corresponding effective ionic radius of the A, B, and X ions.86 The value for t has to
be in the range between 0.8 and 1 for stable structures. As a consequence many different material
combinations fulfill this requirement and adapt the ABX3 structure.87, 88 Halide perovskites, where a
monovalent organic molecule, such as methylammonium (MA) or formadinium (FA), take the A po-
sition, a (semi-)metal (Pb, Bi, Sn,...) occupies the B position and a halide, e.g. iodine, chlorine or
bromide, fills the X position, were first reported in 1893 by Wells 89 and characterized by Weber in
1978.90

The archetypical and most studied halide perovskite composition is methylammonium lead iodine
(MAPbI3), as this composition showed promising optoelectronic properties when employed in a so-
lar cell.1 One of these properties is the high absorption coefficient, which stems from direct band gap
with an EGap of 1.6 eV.84, 91 The valence band maximum (VBM) is obtained from the hybridization
of the 5p iodine and 6s lead orbital, while the conduction band minimum (CBM) is due to the empty
6p lead orbital.92–94 While the lead and iodine orbitals define the overall band structure and are im-
portant for the good ambipolar intrinsic conductivity and photovoltaic properties, the organic molecule
also influences the crystal structure and optical properties.84, 85 Hence, the optoelectronic properties
can be adapted and tailored to a certain band gap by simply changing the A cation or the halide or
even by mixing different halides (see figure 4.1b)).21, 93–95 Similar band gap tuning can be obtained by
substituting the MA with Cs or FA for an EGap of 1.7 eV or 1.5 eV, respectively.95, 96 The metal in the
B position can also be varied: By replacing Pb with Sn, EGap is reduced from 1.6 eV to 1.2 eV.97, 98

This chemical flexibility and adaptability is another property that makes this class so interesting for
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optoelectronic application.

A

B

X

a) b)

Figure 4.1: a) ABX3 perovskite crystal structure. For metal halide perovskite compositions, the A
position is occupied by a cation like methyl ammonium, the B position by metal, e.g. lead,
and a halide (iodine, chloride, etc.) occupies the X position. b) UV-vis and PL spectra of
MAPbI3 and MAPbBr3 (left panels) and of MAPbCl3 and MAPbBr3 (right panels) with
the different stoichiometrically mixed compositions. Adapted with permission from Roy et.
al.21 Copyright 2021 American Chemical Society.

In addition, the hybrid perovskites also exhibit a high dielectric constant and a low exciton binding energy,
resulting in an effective electron-hole separation and generation of free charges at room temperature
once light is absorbed.99–104 These generated free charges usually have a long lifetime and the electrons
and holes can relax to the VBM and the CBM, respectively, before recombining radiatively.102, 105, 106

So for an ideal perovskite, only a narrow emission is expected at the band edge and thus changes as
the band gap is tuned as shown in the lower panels of in figure 4.1b).21

As always, real perovskite films do not form perfect crystals and defects are usually present within the
crystal structure. However, unlike other inorganic semiconducting materials, such as silicon, perovskites
have a rather high defect tolerance. Due to the lead and iodine orbitals involved in the band structure,
only shallow traps can form close to the CBM or VBM instead of deep traps within the band gap.85, 104

Additionally, the temperature at which the perovskite is investigated influences not only the exciton
separation and de-trapping of charges, but also the fundamental crystal structure itself and thus again
the optoelectronic properties. In the case of MAPbI3 perovskite, the unit cell changes below 160 K from
the tetragonal phase to an orthorhombic phase, which results in a band gap increase and thus in a shift
of the absorption edge and the position of the emission peak.107, 108 Similarly above 330 K, the crystal
system exhibits a cubic structure instead of the tetragonal one, where the absorption is shifted to higher
energies.109–111
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4.2 Low Dimensional Perovskites
In addition to the described chemical tunability of 3D perovskites, it is also possible to obtain perovskite
structures with lower dimensionality. The term dimensionality refers to the spatial direction in which
the perovskite crystal forms. This is either called 2D if the crystal extends in one plane or 1D if the
crystal only forms in one spatial direction.20, 49, 112, 113 Even 0D structures are possible, in which only
individual, spatially separated octahedra form.114–116

energy
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B

a) b)

c)

Figure 4.2: a) structural phases for low dimensional halide perovskites: Dion-Jacobson phase (left) and
Ruddlesden-Popper (right) phase. Adapted with permission from Mao et. al.117 Copyright
2018 American Chemical Society. b) Schematic energy diagram for the 2D perovskite
phases in a). Adapted from Straus and Kagan.118 Copyright 2018 American Chemical
Society. c) Absorption and photoluminescence as a function of perovskite sheet thickness.
Adapted with permission from Mao et. al.117 Copyright 2018 American Chemical Society.

By introducing spacer molecules that are too bulky to fulfill the Goldtschmidt rule (eq. 4.1) into the
perovskite crystal, the 3D structure is interrupted in one direction, as shown in figure 4.2a), and 2D per-
ovskite sheets are obtained. Depending on the choice of spacer (monovalent or divalent), the perovskite
layers can be aligned with each other (Dion-Jacobson type) or shifted against each other (Ruddlesden-
Popper type).49, 113

As a consequence of the structural variation, the optoelectronic properties of the resulting low dimen-
sional perovskite materials are also affected. As discussed above, the 3D perovskite exhibits a band-like
electronic transport and a high dielectric constant ϵr . By incorporating organic molecules with a typi-
cally much lower ϵr , this band structure is also affected.113 Thus, as the spacer molecules confine the
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electronic structure of the perovskite to 2D, the resulting structure can be compared to a 2D quantum
well structure (see fig. 4.2b)). In addition, the variation of the dielectric constant results e.g. in an
increase of the exciton binding energy and EGap.119–121 As depicted in figure 4.2c), by adding additional
perovskite sheets (marked by number n), the optical properties of the 2D structures can be further
fine-tuned.117, 122

⟨100⟩ ⟨110⟩ ⟨111⟩

Figure 4.3: Schematic cuts along ⟨100⟩, ⟨110⟩ and ⟨111⟩ of a 3D perovskite structure and the result-
ing two-dimensional perovskites from these cuts. Reprinted with permission from Ortiz-
Cervantes et al.113 Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA.

In previous discussions, the plane along which bulk perovskite is cut has not yet been taken into
account. However, the perovskite can be cleaved along different planes by the appropriate choice of
spacer molecule. The resulting subclasses and their structural formulas are illustrated in Figure 4.3.
The cut along the ⟨100⟩ plane is the most common, and mainly employed in perovskite solar cells as
a capping layer for the 3D absorber layer since the 2D materials are less prone to degradation and less
sensitive to humidity.2, 123–126 However, additional interesting optoelectronic properties can be observed
in the other two classes of 2D perovskites with cuts along ⟨110⟩ and ⟨111⟩ due to an increased degree
of corrugation in the perovskite sheet.112 These materials often show, besides the narrow emission as
shown in figure 4.2c), a broad strongly Stokes-shifted (additional) emission. Thus, these materials could
be used for direct white-light generation. The origin of broad white-light emission is typically ascribed to
the formation of self trapped excitons (STE) due to strong electron-phonon coupling.127–132 However,
the STE being the sole origin of this white light emission is not fully agreed upon. As Kahmann et
al. showed, the broad emission could also simply stem from defect state emission.127 Nevertheless, the
2D perovskite materials are promising candidates to further improve perovskite solar cells as well as an
emissive layer for easily tunable and color-pure or broad-emissive white-light LEDs.
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5 Perovskite Processing Methods

To process high-quality perovskite films suitable for optoelectronic devices, several processing methods
were explored and optimized.3, 29, 32, 41, 53, 63, 70, 133–135. The most common and relevant methods for
processing high-quality thin films are solution-based techniques such as spin coating134, 136 or slot-
die coating.41, 137 Solvent-free alternatives for thin film fabrication include thermal evaporation3, 135 or
powder-aerosol deposition.59, 60, 138 For an application as an X-ray detector, thick perovskite films are
required. Here, the processing of pre-synthesized powders into thick films via pressing is a promising
approach.17, 18, 139

In this chapter, the perovskite processing methods investigated within this thesis are briefly introduced
and discussed: First, the wet solution-based spincoating used in chapters 9 and 10 and subsequently,
the dry powder-processing via powder-aerosol deposition or pressing relevant for chapters 11-13 are
described.

5.1 Solution-based Thin Film Processing
The most commonly used processing method of perovskite thin films on lab scale is spincoating. For
this approach, the precursor constituents for the perovskite (e.g. for MAPbI3 MAI and PbI2) are firstly
dissolved in the desired stoichiometry in organic solvents like dimethylformamide (DMF) and then spin-
coated onto a substrate, where the perovskite is formed. To complete the crystallization process, the
films are thermally annealed after the spincoating. Figure 5.1 depicts the two different approaches of
spin coating investigated in this thesis.

The simplest way to obtain a perovskite thin film is the one-step processing (see fig. 5.1 top). As
the name suggests, the perovskite thin film is deposited using a single spin coating step. After the
precursor solution is distributed on the substrate, the spinning is initiated and the substrate is spun until
the perovskite starts to crystallize upon evaporation of the solvent. The advantage of this method is the
simplicity of the process. A disadvantage of this method is that – without any precursor chemistry op-
timization like additives 140–142 – it results in perovskite films with incomplete coverage and insufficient
film quality due to formation of precursor-solvent complexes in a needle-like manner prior to perovskite
formation.41, 136

To suppress the detrimental complex formation, the one step process was modified and the so-called
solvent engineering method (see fig. 5.1 bottom) was developed.143 Similar to the one-step approach,
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the precursor solution is dispensed onto a substrate and the spincoating process is started. The differ-
ence to the one-step process is that the perovskite crystallization is induced prior to solvent complex
formation by dripping an antisolvent onto the rotating precursor solution film. The antisolvent has to
be miscible with the solvent used to prepare the precursor solution, but should not be a solvent for the
precursor materials. The solubility strength of the precursor solvent is immediately strongly reduced
and the perovskite starts to crystallize. The choice of the antisolvent and the timing and speed of
the antisolvent dripping is critical for the resulting perovskite film quality and consequently the device
performance.32, 34

At the end of the spin coating, independent of the method, the films are placed on a hot plate for
thermal annealing to complete the film crystallization.

One-step processing

Solvent engineering

After X s

antisolvent dripping

pristine PAD

film

pressed film(hot-)pressingdry powder aerosol 

deposition

optional

post-treatment

perovskite 

powder

pressed 

pellet

Thin Film processing

Thick Film processing

pressing

Figure 5.1: Sketch of the different solution-based thin film processing methods used in this thesis.
top: One-step spincoating approach. Substrate with precursor solution is spun until per-
ovskite is formed. bottom: Solvent engineering approach. The perovskite crystallization is
induced by dripping an antisolvent onto the rotating substrate.

Despite the drawbacks of the solution processing due to the delicate interconnection between material
synthesis and film formation, this method of processing in general, and solvent engineering in particular,
still represents the state-of-the-art method to produce high quality perovskite films.

5.2 Powder-based Thin and Thick Film Processing
As an alternative method that decouples the material synthesis from the film formation, the processing
of readily synthesized perovskite powders emerged in the recent years.144, 145 Different methods, such
as mechanochemical synthesis,63, 146, 147 precipitation reactions148–150 or thermal annealing,151, 152 have
been developed to synthesize phase pure perovskite powders.
In the following section, the mechanochemical synthesis via ball milling will be explained in more detail,
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as this method is relevant for chapters 11 and 12. An illustration of the ball milling process is shown
in Figure 5.2. The corresponding precursor materials are weighed out in powder form in the desired
stoichiometry and filled into the milling jar (white (MAI) and yellow (PbI2) powder). Zirconium balls
and a small amount of cyclohexane as a milling agent are added. The milling jar is then tightly sealed
and placed in the planetary ball mill. The milling jar undergoes two different rotational movements. On
the one hand, it rotates around its own axis, and on the other hand, it rotates around the main axis of
the planetary ball mill. This causes the zirconium balls to be repeatedly tossed back and forth in the
milling jar. The kinetic energy released when the balls hit the precursor powder is sufficient to achieve
the complete synthesis of perovskite powder. After the milling process, the cyclohexane evaporates and
the dry-powder is sieved through a fine mesh to break up agglomerates and to obtain homogeneous
powders.

Figure 5.2: a) Photograph of a milling jar loaded with milling balls, MAI, and PbI2 precursor powders.
b) Schematic of the ball milling procedure for the mechanochemical synthesis of perovskite
powders. c) Photograph of the milling jar from a) after the milling process with the syn-
thesized black MAPbI3 powder. Reprinted with permission from Leupold et al.63 Copyright
2019 American Chemical Society.

With this synthesis method, large quantities in the range up to kilograms of perovskite powder can be
synthesized in a short amount of time. These amounts of powders are required for processing perovskite
layers via powder-aerosol deposition or the pressing of powders to pellets (see figure 5.3)
The perovskite thin films investigated in chapters 11 and 12 were processed via powder-aerosol deposition
(PAD) method (see figure 5.3 top). In brief, a perovskite aerosol is generated by passing a carrier gas
(N2, O2, He) through the fine powder. This aerosol stream is subsequently accelerated to speeds up
to 600 m s−1 and impacts onto the substrate. Upon impact, the powder particles deform, break up and
form an adherent layer on the substrate.59, 60, 138 Subsequently impacting particles densify and increase
the layer thickness further. This film formation mechanism is called room-temperature consolidation
(RTIC).153 The PAD processing can be fine tuned by optimizing the amount of carrier gas flow, the
perovskite powder particle size and the number of overpasses of the aerosol jet over the substrate.138

The obtained films are dense and without voids throughout the cross-section of the film. Yet, the grain
size is relatively small and the surface roughness is increased compared to perovskite films processed via
spin coating.
To improve these issues, the PAD perovskite film can be optionally hot-pressed. By pressing the PAD
perovskite film with pressures up to 25 MPa at temperatures up to 120 °C, a compaction and even a
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sintering of the perovskite layer is achieved. This results in a perovskite layer with improved morphology
(reduced surface roughness, increased grain size) and optoelectronic properties.138, 154

The same pressing setup and pressing procedure (see figure 5.3 bottom) are used to produce thick layers
from perovskite powder.53, 55 One obtains a free-standing thick perovskite film from this approach and
similar beneficial effects of pressing on the perovskite film properties can be observed. The films exhibit
a density comparable to that of a single crystal.53

One-step processing

Solvent engineering
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Figure 5.3: Schematic Illustration of the dry powder-based processing methods used within this thesis.
top: Thin films are processed via powder aerosol deposition of pre-synthesized powders
(see figure 5.3) onto a substrate. The resulting perovskite films can be (hot-)pressed to
improve the structural and optoelectronic properties of the films. Reprinted with permission
according to the CC BY 4.0 license from Biberger et al.138 Copyright 2023 the authors.
bottom: Thick perovskite films/pellets are processed by pressing pre-synthesized perovskite
powder into dense layers with a thickness of ≈ 1 mm.
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6 Fundamentals of perovskite solar
cells

This chapter provides a brief introduction to the general architecture of state-of-the-art planar perovskite
solar cells as well as to the methods used in this work to characterize the solar cells. For more detailed
discussions on perovskite optoelectronics in general the reader is referred to textbooks by e.g. Tsutomu
Miyasaka.85, 155

6.1 Solar cell stack
The first working perovskite solar cells ever built were developed as dye-sensitized solar cells (DSSC).1

In the case of DSSC, the perovskite material was employed as the sensitizer for a mesoporous TiO2

scaffold, which in turn served as the electron transport layer on top of a FTO electrode. The device
structure was completed by a second FTO electrode coated with platinum, which was positioned upside
down on top of the sensitized TiO2 scaffold, and the gaps between the two substrate were filled with an
electrolyte to facilitate hole extraction. With stack architecture, DSSCs with efficiencies of around 3.8 %
could be realized. The liquid electrolyte was replaced by a solid hole transport material and the device
efficiencies were increased to around 10 %.156 Since then the advancement of perovskite photovoltaics
and the improvement of device performance was the focus of many research groups around the world. As
a consequence the device efficiency was increased stepwise up to a current record efficiency of 26.1 %.6

During this development process the architecture of the solar cells changed as well. First the perovskite
thickness was increased157 and then compact electron transport layer materials were introduced,5, 158–160

resulting in a planar architecture for the state-of-the-art solar cells stack (see fig. 6.1). This planar solar
cell configuration works similarly to a p-n junction solar cell, where the perovskite is sandwiched as an
intrinsic (i) semiconductor between the electron (n) transport layer (ETL) and the hole (p) transport
layer (HTL). Depending on which transport layer is applied to the transparent conductive electrode
below the perovskite layer, the configuration is referred to as n-i-p (regular structure) if the ETL is
applied first, or p-i-n (inverted) if the HTL is applied first. For both, regular and inverted, the stack
is commonly completed by a metal contact. The overlap of the metal contact and the transparent
electrode below defines the active area of the final device (see green area in fig. 6.1f) )
As I fabricated solar cells in n-i-p configuration within project 3 (see chapter 11) of this thesis, I will
briefly discuss the most commonly used materials and their processing for this stack configuration.161
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Two different transparent conductive oxides are usually used as electrode materials: fluorine-doped tin
oxide (FTO) or indium tin oxide (ITO). As the ETL, compact SnO2 or a combination of compact and
mesoporous TiO2 is coated on top of the electrode via spin coating or chemical bath deposition, or
via spray pyrolysis and spincoating, respectively. To improve the wetting of the perovskite precursor
solution, the substrates are treated with UV-ozone or O2-plasma prior to perovskite deposition.

a) b) c)

d) e) f)

substrate with

transparent electrode

charge extraction layer

(electrons/holes)

perovskite layer

charge extraction layer

(holes/ electrons)

Metal contacts

Figure 6.1: a) - e) Sketch of fabrication steps to obtain a complete planar perovskite solar cell stack.
f) top view of the solar cell stack. The green rectangles indicate the active areas of the
resulting four solar cells on each substrate.

The perovskite as the absorber layer is commonly processed from solution. As already described, a vari-
ety of different perovskite compositions are available to tune the optical properties to the requirements
of different applications. The established processing approach for high-quality perovskite layers is the
described solvent engineering method, where the crystallization is induced by dispensing an anti-solvent
during spin coating. As the HTL, Spiro-MeOTAD doped with Li-TFSI and FK209 is commonly spin-
coated on top of the perovskite layer. Yet, Spiro-MeOTAD can cause degradation processes. Therefore
new HTL materials are currently investigated.75, 162–170 The n-i-p stack is usually completed by evapo-
rating gold as the counter-electrode onto the HTL layer.
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6.2 J-V characteristics and hysteresis
The most important figure of merit of any solar cell is the power conversion efficiency (PCE) η. In a
nutshell, the PCE is the ratio between the electrical power density Pout one can obtain from the device
compared to the power input to the device Pin:

η = electrical power delivered
incident light power = Pout

Pin
. (6.1)

In the case of solar cells, Pin is provided by the sun or in a laboratory by a solar simulator. Considering
the solar spectrum and the absorption of the atmosphere, the supplied Pin integrated over the whole
solar spectrum equals 100 mW

cm2 .85, 171, 172

Since the inner photoelectric effect constitutes the fundamental basis for the absorption and thus the
operation of the solar cell, the PCE can never reach unity. This relation means that the absorption of an
photon takes only place if the energy of the photon is sufficient to elevate an electron from the valence
band to the conduction band. Consequently, if the energy of the photon Ephoton is smaller than the band
gap energy Egap, this photon can not be absorbed and converted into electrical power by the photoac-
tive material. Unfortunately, if Ephoton exceeds Egap, there are additional energy loss mechanisms to
take into account. One loss path to consider is the thermalization of the excess energy as the electron
relaxes to the lowest possible energy in the conduction band. The second major loss contribution is the
recombination of electron-hole pairs, either radiatively or non-radiatively (Auger, Shockley-Read-Hall,
surface recombination).85

Thus, for an ideal device with a given Egap, where only thermalization and radiative losses are present,
a theoretical maximum PCE can be determined. Additionally, as the maximum extractable current
density (also named short-circuit current density JSC ) decreases and the maximum obtainable voltage
(open-circuit voltage VOC ) in contrast increases with increasing band gap, one can find a band gap
energy range (1.1 - 1.4 eV) where Pout and thus PCE reaches a maximum. The theoretical radiative
limit for the PCE of an ideal device (Shockley-Queisser limit) is ≈ 33%.85, 172

The PCE is commonly determined experimentally by measuring the current response of a device while
sweeping the applied voltage. The measured current values are divided by the active area of the device
(see figure 6.1f)) in order to obtain current density. An exemplary current density-voltage (J-V) curve,
together with all parameters necessary to calculate the efficiency, is depicted in figure 6.2a). In the
dark, solar cells behave like a regular diode, but once the devices are illuminated, additional charges are
generated as described and the J-V curve is shifted. As the electrical power density output is calculated
by

Pout = J · V , (6.2)

neither the operation point with the highest current density (0 V, JSC ) nor with the highest voltage
(VOC , 0 mA/cm2) results in extractable power. Therefore, one needs to find the point of maximum
power output (VMPP , JMPP) where the area of the resulting rectangle is maximized. This is marked with
the orange rectangle in figure 6.2a). One can additionally introduce the fill factor (FF ) as another figure
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of merit for solar cells. The FF is a geometrical factor and compares the areas of the two rectangles
drawn in figure 6.2. It is a measure of the recombination of electron-hole pairs happening inside the
device when a finite internal electric field is present. Thus, equation 6.3 can be written as

η = JMPP · VMPP

100 mW
cm2

= FF · JSC · VOC

100 mW
cm2

, (6.3)

to calculate the PCE of a solar cell.
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Figure 6.2: a) Typical J-V curve of a solar cell in the dark and under illumination. The relevant
parameters to evaluate the solar cell performance are marked.172 b) Illustration of the
scan-direction-dependent hysteresis effect in J-V-curves of n-i-p perovskite solar cells.
Adapted with permission from Chen et al.173 Copyright 2016 American Chemical Soci-
ety. c) Overview over the interplay between ionic (left) and electronic (right) response
upon applying a voltage. Reprinted with permission from Tress.174 Copyright 2017 Amer-
ican Chemical Society.

The J-V characteristics discussed so far represent the behavior of an inorganic solar cell such as silicon
devices, where the J-V curve is identical independent of the the scan direction.175 In the case of perovskite
solar cells, a mismatch between the scanning directions can be observed in the J-V curves as shown
in figure 6.2b).176, 177 This mismatch of the measured current density between the reverse (Voc→ 0 V,
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blue) and the forward direction (0 V→Voc, green) is called hysteresis.176 The origin was and is the focus
of many investigations.85, 173, 178 Potential causes discussed in literature for the hysteresis are (1) the
intrinsic defects within the perovskite,179, 180 (2) the accumulation of charges at the interfaces to the
charge extraction layers,181, 182 (3) ferroelectric behavior,183–185 and (4) ion migration.186–188

The severity of the hysteresis can be quantified by hysteresis indices HI, e.g. based on the difference in
efficiency:178, 189

HIPCE = PCEreverse − PCEforward
PCEreverse

(6.4)

How large the HI is, meaning how pronounced the hysteresis is, depends not only on the discussed
material inherent, but also on many variables of the measurement, such as scan speed of the sweep
or pre-treatment before the sweep (light-soaking, poling, ...).174, 178, 190 Depending on the choice of
measurement parameter, the hysteresis can be increased or suppressed, e.g. when sweeping too fast,
the slow ionic contribution to the hysteresis is eliminated. An overview over the interconnection between
ionic and electronic contributions to the hysteresis is displayed in figure 6.2c). The in literature currently
prevailing origin of hysteresis is ion migration in combination with trapping and de-trapping processes
at defect sites within the perovskite layer and an energy misalignment at the interfaces.85, 174, 191

In order to mitigate this hysteric effect, several approaches were developed: e.g grain boundary engi-
neering where the HI was reduced by enlarging the grains and thus reducing the grain boundaries and
potential trap sites.192 Additionally, the overall reduction of defects is the key for further mitigation
of the hysteresis effect. On the one hand, this is implemented by e. g. adding volatile 193 and non-
volatile additives 4, 23, 25, 194–197 to the precursor solution in order to passivate the defect sites within
the perovskite layer (defect engineering). On the other hand, as previously discussed, the interfaces
to the charge extraction layers also play a decisive role. Here, it has been shown that the inverted
structure exhibits significantly reduced to almost non-existent hysteresis compared to the regular struc-
ture. Therefore, the interface engineering, i.e. the choice of the extraction layers 78, 81, 198–201 and the
successful passivation of the perovskite interfaces 123, 202–206, is of great importance.

6.3 Light-intensity dependence of J-V curves
In order to analyse the devices further and to identify and differentiate between loss mechanisms as
described above as well as parasitic losses from series/shunt resistance,207–209 light-intensity dependent
measurement can be of great help.85, 210 Here, J-V curves are recorded at different light-intensities.
The attenuation of the light-intensity is usually facilitated by neutral-density filters to obtain uniform
reduction over the whole solar spectrum. By plotting and analyzing the obtained values for FF and VOC

as a function of incident light-intensity and comparing these results with those of theoretical modeling
via drift-diffusion simulations, one can gain valuable insights about the dominating loss mechanism.
In theory, the value of FF should be unchanged when the light-intensity is reduced. Concomitantly,
the VOC should have an exponential dependence of the light-intensity and the lower the slope on a
logarithmic scale the better.210
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Figure 6.3: Experimental examples for FF and Voc as a function of light intensity for a) interface
recombination and b) trap recombination in the bulk as the dominating loss mechanisms.
Adapted with permission according to the CC BY 4.0 license from Glowienka et al.210,
c) Voc as a function of the Jsc , obtained from the light intensity-dependent J-V-curves.
From the slope of the linear fitting the values of the ideality factors n are extracted. d)
Light intensity-dependence of the Jsc . α values are extracted from the slope of the linear
fitting.c) and d) adapted with permission according to the CC BY 4.0 license from Biberger
et al.138. Copyright 2023 the authors.

In figure 6.3, two experimental examples for different dominating loss origins are presented. In the first
example (figure 6.3a)), the recombination at the perovskite interfaces can be identified as the predomi-
nant origin for losses as the VOC saturates for high intensities when interface recombination is present.
The difference in FF is insignificant.211 The second example, shown in figure 6.3b), illustrates what
effect a degraded perovskite layer as the main origin for losses has on FF and VOC . Here, the FF is
strongly influenced by increased bulk recombination due to degradation while the slope and the absolute
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values of the VOC are only marginally affected by this loss mechanism. Similar to the two presented
examples, the effects of extraction barriers, series and shunt resistance are discussed in great detail by
Glowienka and Galagan.210

However, as one can conclude from the examples, more than one loss mechanism is usually present in a
real devices, but the careful analysis of light-dependent measurements helps to narrow down the most
dominant loss factors.

A second method to analyze light-intensity dependent J-V curves is the determination of the ideal-
ity factor nid and inverse Langevin factor α. Based on the value of these figures of merit, one can
theoretically conclude whether monomolecular (trap-assisted, nonradiative) or bimolecular (band to
band, radiative) recombination predominantly takes place. nid can be determined from a linear fit to
the VOC vs. JSC on a logarithmic scale as shown in figure 6.3c) using the relation

nid = e ·m
kB · T

, (6.5)

where m is the slope of the linear fit, e is the elementary charge, kB is the Boltzmann constant and
T is the temperature. α is directly obtained by fitting JSC vs. light-intensity (see figure 6.3d)) and
extracting the slope. In theory, nid can take values between 1 and 2, with a value of 1 for ideal solar
cells in which only radiative recombination in the bulk occurs, and when nid approaches 2, trap-assisted
non-radiative recombination can be inferred.85, 212, 213 The extracted values for α can be interpreted in
a similar way: α reaches a value of 1 if the monomolecular recombination is dominant and is close to
0.5 for bimolecular recombination.213–215

However, this simple interpretation is not always valid in the case of perovskite photovoltaics, as funda-
mental assumptions for derivation of the ideality factor are sometimes not fulfilled. As a result, there are
devices where the obtained nid is close to 1, while the overall performance of the device is poor.212, 213

In contrast, there are highly efficient devices with an ideality factor of 1.5.216 Caprioglio et al. showed
that one has to take more into account when interpreting nid for perovskite solar cells. The ’classical’
interpretation is limited to cases when only Shockley-Read-Hall recombination in the bulk is presented
and effects like energy level offsets at the interfaces and interface recombination can be fully excluded.213

Nevertheless, as long as these limitations are considered, important insight can be obtained from these
light intensity-dependent measurements.
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6.4 Organic Semiconductors as Charge extraction layers
Organic semiconductor materials are often used as charge extraction layers, especially as HTL, in both
(n-i-p and p-i-n) solar cell configurations. Since the charge transport properties of organic semiconduc-
tors (OSC) differ significantly from the inorganic/hybrid crystalline semiconductors, a brief introduction
to organic semiconductors, and in particular the doping of this material class, is provided in this section.
Organic compounds consist of hydrocarbons with a few heteroatoms such as sulfur or nitrogen. Their
semiconducting property is based on a conjugated π-electron system, in which charge carriers can
delocalize over several carbon atoms.172 In contrast to well-ordered inorganic/hybrid crystalline semi-
conductor materials, OSC commonly do not form a long-range well-ordered crystalline structure, but
a more or less amorphous or semi-crystalline film. As a consequence, charges are more localized on
polymer chains or molecules. Hence, the transport of charge carriers is not band-like as it is the case
for inorganics, but a hopping motion from one site to the next (see 6.4a).217–219

Additionally, the intrinsic charge carrier densities and the mobilities in an OSC are rather low, so that the
conductivity needs to be extrinsically generated by injection, dissociation of photo-generated electron-
hole pairs, or intentional or unintentional doping.172
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Figure 6.4: a) Illustration of charge transport via hopping between localized states in organic semi-
conductors, in contrast to band-like transport in classical semiconductors. b) Simplified
illustration of the molecular levels for p-type and for n-type doping. Adapted with permis-
sion from Walzer et. al 220. Copyright 2007 American Chemical Society.

Especially if one wants to use an OSC as a charge extraction layer in a perovskite solar cell, the conduc-
tivity for the respective charge carrier type has to be intentionally increased. A first approach of doping
organic semiconductors was exposing polyacetylene to a vapor of halogens (e.g. chlorine, bromine, or
iodine) resulting in an enhancement of the conductivity by up to seven orders of magnitude.221 But
using halogens or alkali metals is an unstable type of doping since those materials have the tendency to
diffuse over time.222

A much more stable and over the past years well-established doping technique is molecular doping. This
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method depends on the electron transfer from the dopant (n-type) or to the dopant (p-type) within
the polymer matrix. The energy levels of the dopant have to match the HOMO/LUMO of the polymer
as illustrated in figure 6.4b). The first controllable and stable molecular doping process was reported
by Blochwitz et al. In this work, phtalocyanine was p-doped by co-sublimation of F4TCNQ.223 By
molecular doping, the conductivity can be tuned over several orders of magnitude (e.g. P3HT with
F4TCNQ: 10−5 − 1 S

cm).224, 225

There are two different fundamental interaction mechanisms for molecular doping that are discussed in
literature.224, 226–229 These two mechanism are exemplarily explained for the case of p-type doping.
The first mechanism is ion pair formation (IPA). This mechanism is based on an integer charge transfer
from the HOMO of the polymer (OSC) to the LUMO of the dopant. A detailed description of the electron
transfer is given by Tietze et al.229 Figure 6.5a) shows the interaction between the two molecules (left)
and the resulting shift of the energy levels of the ions within the polymer matrix (right).The energy
levels of the affected polymer chain and dopant shift due to reorganization after the transfer of the
charge.
In the case of a charge transfer complex formation (CPX), the transfer of the charge does not occur
from the polymer onto the dopant, but the polymer and the dopant form a complex with hybridized
orbitals as depicted in figure 6.5b).230 The parent molecules of the complex determine the amount of
transferred charges that can also be non-integer values.227

It is important to note that successful n-type doping is more difficult to obtain since a high lying HOMO
is required as depicted in figure 6.4b). However, materials with these energetic properties are prone to
reduction by oxygen.172

Figure 6.5: Illustration of the energy levels for p-type doping for a) IPA and b) CPX in a disordered
matrix. The light colored lines show the energy levels before the energy level splitting
of the cation/anion upon doping. Adapted with permission according to the CC BY 4.0
license from Salzmann et al.224. Copyright 2016 American Chemical Society.
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The resulting complex is then the effective dopant of another neutral molecule/polymer chain. This
doping mechanism is mostly reported for small conjugated molecules rather than for polymers.
The doping efficiency of CPX decreases again after a certain amount of dopant is added, since the
complex is the effective dopant and at some point there are more complexes than neutral chains that
can transfer charges.
Although both mechanisms result in a doped molecule/polymer chain, only IPA seems to contribute to
an increase in conductivity.

The doping of hole-transport materials (HTM) for perovskite devices is typically facilitated by mixing
additives such as LiTFSI (lithium bis(trifluoromethylsulfonyl) amine) and tBP (4-tertbutylpyridine) into
the HTM solution and exposing the films to air.72, 73, 77 Here, the LiTFSI acts as the effective dopant
in the presence of oxygen. The organic semiconductor, such as Spiro-MeOTAD, forms a complex with
oxygen and an electron transfer from the Spiro-MeOTAD can occur after photo or thermal excitation
(see equation 6.6). The Li salt is required as the TFSI− stabilizes the doped Spiro-MeOTAD and
changes the equilibrium towards the doped Spiro-MeOTAD by forming Li oxide complexes (see equation
6.7). Consequently, conductivity is increased by two orders of magnitude.74

Spiro−MeOTAD + O2 ←−→ Spiro−MeOTAD•⊕ O2
•⊖ (6.6)

Spiro−MeOTAD•⊕ O2
•⊖ + LiTFSI −−→ Spiro−MeOTAD⊕ TFSI⊖ + LixOy (6.7)

The tBP is not necessary for doping Spiro-MeOTAD, but by adding it into HTM solution, the resulting
layer becomes more homogeneous and the interfacial contact to the perovskite layer improves.231 In
order to further increase the performance of Spiro-MeOTAD , the cobalt complex FK209 is often mixed
as second dopant into the HTM stock solution.232, 233

As already mentioned, it is important to note that the described doping procedure and the HTM on
its own can cause long-term stability issues of the perovskite layer and as a consequence of the whole
device due to possible chemical reactions with the radical Spiro-MeOTAD or the tBP.234 Hence, the
development of new (ideally doping free) HTMs and new doping approaches are the focus of many
research efforts.
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7 Content of the Individual
Publications

In this chapter, I want to give a more detailed summary of each individual article and how each article
contributes to the overall research questions of my thesis.

In Publication 1, I investigated the influence of the ionic liquid (IL) BMIMBF4 on the film formation
of MAPbI3 when a film is processed from solution via one-step spin coating as well as via the solvent
engineering method. For the latter, perovskite crystallization is induced by dispensing an antisolvent
(AS) onto the rotating solvent film instead of by evaporation of the solvent. To be able to dispense an
AS during the measurement, I had to first modify our multimodal in-situ optical spectroscopy setup.
Via a capillary, a syringe and a custom-designed contraption for the capillary, I was able to dispense
the AS reproducibly onto the substrate without interfering with the measurement. With this setup I
was able to record absorption and photoluminescence spectra and track the intensity of the light of a
green LED, scattered by my sample, simultaneously during the spin coating process. I particularly chose
BMIMBF4 as an additive because the class of ionic liquids in general is a popular class of materials to
add to the precursor solution because of its beneficial effects on the performance of perovskite solar
cells due to the passivation of defects.235

With this study, I wanted to understand if this additive impacts the timings of the film formation and
resulting nanostructure of MAPbI3 films. By analyzing the absorption spectra in combination with the
evolution of intensity of the scattered green LED, I could extract the timing of the perovskite-solvent
complex formation, and by fitting the photoluminescence and considering quantum confinement effects,
I could calculate the size of the growing crystallites and thus determine growth rates. The morphology
of the final films was characterized by SEM and XRD measurements.
With the one-step spin coating experiments, I revealed that the IL has no influence on the perovskite-
solvent-complex formation, but the more IL content is in the precursor solution the later and slower
the perovskite crystallization takes place. From the solvent engineering experiments, I could conclude
that the IL influences the crystallite growth similarly: The more IL in the precursor solution the slower
the growth. Further, I could identify that the IL already interacts with precursor materials when still
in solution and consequently affects the evolution of the PbI2-

4 properties in the solvent film before any
crystallization is triggered by the AS. I found that the slower crystallization rates when the IL is added
into the precursor solution correspond to smaller grains in the final perovskite film, which is known to
decrease the device efficiency. Thus, one has to be aware of the potential impact of processing timing
and has to balance the positive effect of passivation and the detrimental effect of more grain boundaries
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when using ILs as additives.

The effect of the IL on the evolution of the precursor solution properties of e.g. the PbI2-
4 species

found in Publication 1, was the starting point for Publication 2. It is known that small variations in e.g.
processing atmosphere, temperature, speed of AS dispensing, additives etc. can influence the ideal point
in time to dispense the AS in order to obtain the best perovskite film and device quality. Therefore, I
investigated if I can improve the reproducibility of processing films independent of these external factors
by relying on optical signatures of the materials as a trigger for the AS dispensing. In order to do that,
we first had to develope the optical in-situ spin coater setup and its software, used in Publication 1,
further to enable a real-time feedback loop from the optical spectra, and a syringe pump was added
to dispense the AS automatically. The idea of this approach was that the small variations, such as
processing atmosphere, can be compensated by the feedback loop approach. To demonstrate this new
approach for processing perovskite films, I chose to vary the spin speed of the spin coater to simulate
different formation kinetics like solvent evaporation rates. As a parameter of interest that triggered
the AS dispensing, the precursor solvent film thickness was selected as this value can be determined
from the interference pattern in the absorption spectra. For comparison, a second series of perovskite
films was also fabricated where the AS was dispensed at a preset time like it is usually done. First,
I processed MAPbI3 in DMF as a simple model halide perovskite. Here, I found that the final films
processed via the new reactive approach showed a consistent quality in cross-section and top-view SEM
images independent of the spin speed. This was the result of a similar crystallite growth during the film
formation which I could extract from the evolution of the PL peak position. In contrast, I identified a
strong variation in the growth of the films processed via the standard time-based approach which in turn
resulted in inconsistent film quality with large voids in the layer. In order to check if the findings of the
reactive processing of MAPbI3 can be generalized and applied to more complex perovskite compositions,
I repeated the experiments for (MA0.17FA0.83)Pb(I0.83Br0.17)3, which is used in high efficiency devices.
The cross-section SEM images revealed that the films processed via the reactive approach are consistent
in quality independent of the spin speed, as it was the case for the MAPbI3 experiments. In the case of
the complex composition, the time-based approach also yields larger voids with decreasing spin speeds.
Thus, I could present a new processing approach to reliably and reproducibly fabricate perovskite thin
films with consistent layer properties without the need for extensive optimization steps when process
parameters intentionally or unintentionally change.

Considering the complex nature of solution-based processing techniques, an alternative solvent-less pro-
cessing approach to fabricate perovskite thin films and their application as absorber layers in solar cells
was investigated in Publication 3. The films were deposited via dry-powder aerosol deposition (PAD)
and optionally hot-pressed. Therefore, the material synthesis and film formation were decoupled from
each other. The generation of perovskite aerosol, and thus the film fabrication via PAD was optimized
by a coworker to obtain perovskite absorber layers with a thickness suitable for solar cells. Additionally,
the parameters of the hot-pressing step were developed to further improve the perovskite layer quality. I
successfully manufactured fully working solar cells using these dry-processed perovskite films. However,
when I measured and analyzed the solar cell data, the overall device performance lagged behind the
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solution-based counterparts. GIWAXS (grazing incidence wide angle x-ray scattering) revealed how the
hot-pressing step is influencing the perovskite octahedra orientation on a unit cell level. Here, the octa-
hedra orientation changes from a random orientation to a preferred orientation along (110) & (020)
upon hot-pressing. From the SEM images and Urbach analysis, we could determine that the PAD per-
ovskite layer itself however is on par with solution-processed layers. To further understand the observed
performance losses and to pinpoint the origin for these losses within our processing steps, I conducted
absorption measurements of the electron-transport layer (ETL) from which could be concluded that the
defect density in the ETL is increased after PAD processing. This was also suggested by conductive AFM
(atomic force microscopy) measurements, where we could observe a shift in the onset potential once the
ETL was exposed to the PAD process. From my light-intensity dependent solar cells measurements and
their analysis, I could determine the ideality factor and the inverse recombination factor for the solar
cells. With this analysis, I could further corroborate that monomolecular (trap-assisted) recombination
at the interfaces between the perovskite layer and the charge extraction layers is the main origin of
the performance losses. Nevertheless, we are confident that by optimization of the processing, efficient
perovskite solar cells can be obtained in the future using our novel dry thin film fabrication process.
In the context of this thesis, this project shows that the perovskite layers obtained from PAD show similar
properties to solution-processed ones. Further, the perovskite layer can be influenced by post-treatment
steps such as hot-pressing. However, our findings show that it is important to consider that perovskite
processing steps can influence underlying layers of the solar cell stack.

To develop a more detailed understanding of the pressing process of PAD perovskite films in general and
to investigate what impact the temperature during pressing has on the resulting optoelectronic proper-
ties, the study presented in Publication 4 was conducted. Here, the relationship between morphology
(e.g. grain size) and optoelectronic properties (e.g. phase transition) in particular was investigated. I
measured SEM images which showed an increased grain size with increased pressing temperature. This
morphological difference was also reflected in the XRD. Here, an increased preferred crystallographic
orientation along (110) & (020) could be observed for the films pressed at elevated temperatures. Ad-
ditionally, the phase transition temperature shifted to higher temperatures due to less strain in the
hot-pressed samples and we found a decrease in defect density in these films as well. Thus, we could
conclude that pressing especially at elevated temperature further improves the optoelectronic properties
of the PAD perovskite films, which in turn is beneficial for the complete device.

In Publication 5 the focus was also on powder-based samples. We studied a set of different 2D lead-
based perovskite materials, pressed into thick pellets. This material class is highly relevant for LED
application. By incorporating disc-shaped monoprotonated amines as spacer molecules into the compo-
sition, the 3D perovskite can be sliced along different crystal planes, as discussed in section 4.2. By a
careful selection of spacer molecules our chemistry collaborators obtained three 2D perovskite systems
with a different degree of corrugation (DoC). In this context the DoC describes how many neighboring
perovskite octahedra are connected via a trans conformation until a cis connection appears and the
smaller the number of trans connected octahedra the higher the DoC. The first of the three materials
belongs to ⟨001⟩ class of 2D perovskites, meaning the perovskite sheet consists only of trans connections
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between the octahedra. The remaining two investigated systems are members of the ⟨110⟩ class with
a zig-zag structured perovskite sheet with either three or two trans connections (see fig. 4.3). Thus,
this set of 2D perovskites enabled us to study the effect of their nanostructure (DoC) on their resulting
optoelectronic properties.
After a thorough crystallographic analysis of the perovskite materials, I investigated the photophysical
properties in dependence on the DoC via steady-state absorption and temperature-dependent photolu-
minescence spectroscopy. From the absorption spectra, I found that with an increasing DoC, the optical
band gap and the energetic spacing between the excitonic and band-to-band absorption increases, which
is consistent with the idea of a greater electronic confinement upon increasing DoC. From temperature-
dependent PL measurements, I could identify two different emissive species – a high-energy and a
low-energy one. The ratio between the two species changes as a function of DoC. The higher the DoC
the more dominant the broad white light emission was. I associated the high-energy emission with the
emission of the exciton state and the broad emission with the emission from the so-called self-trapped
exciton. Alternatively, the broad emission can also stem from an increase in defect density as the per-
ovskite sheets become more corrugated. Hence, this study shows the effect of small variations on the
crystallographic level on the macroscopic optoelectronic properties of this lead-based low-dimensional
class of perovskites.

To extend the solvent-less processing from the perovskite layer to a charge extraction layer on the way
to possible future fully dry processed solar cells, the hole transport material (HTM) Spiro-MeOTAD was
investigated in Publication 6. The layer was fabricated via thermal co-evaporation of the HTM with
the copper complex Cu(TFSI)3. The focus of this study was to understand the details of the doping
mechanism of Spiro-MeOTAD with Cu(TFSI)3 on the molecular level and the resulting macroscopic
transport properties. By employing different spectroscopic and electronic characterization techniques
a conclusive understanding of the doping process could be gained. In particular, I performed and
analyzed CELIV-measurements (charge extraction by linear increasing voltage) to extract the hole
mobility as a function of Cu(TFSI)3 concentration and temperature-dependent absorption measurements
to confirm the temperature-independent CT state formation. The doping process can be divided into
three different steps: 1. Formation of a coulombically bound CT state of the HTM with the copper
complex, 2. Temperature-activated, reversible dissociation of the CT state where a free charge is
generated, 3. Transport of generated free charges. Additionally, it was found that this doping approach
has a remarkable doping efficiency of 50% at 10mol% of Cu(TFSI)3 in the film. Combining this HTM
processing with the PAD perovskite layer shows a lot of promise for a reduction of toxic solvents in the
fabrication of perovskite solar cells.

In summary, with these 6 publications, I considerably contributed to the development of a fundamen-
tal understanding of how either the typical solution-based or the novel dry-powder-based processing
of perovskite materials and the evaporation of HTM impact the nanostructure and the correspond-
ing optoelectronic properties of the respective films. These findings will help to improve lead halide
perovskite-based devices in the future.
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How the ionic liquid BMIMBF4 influences the
formation and optoelectronic properties of MAPbI3
thin films†

Simon Biberger,a Konstantin Schötz,a Philipp Ramming,a Nico Leupold, b

Ralf Moos, b Anna Köhler, a Helen Grüninger c and Fabian Panzer *a

While using additives such as ionic liquids (IL) is known to boost the efficiency and stability of perovskite

solar cells, it is still unclear how ILs impact the difficile perovskite film formation process. Here we

investigate the impact of the IL BMIMBF4 on the film formation of the model halide perovskite MAPbI3 by

multimodal optical in situ spectroscopy during solution processing via one-step spin coating and

a solvent engineering approach. One-step processing experiments reveal that IL in the precursor

solutions does not affect the formation of perovskite–solvent complexes, but higher IL contents delay

the perovskite transformation with decreased growth rates. For solvent engineering, the perovskite

growth rate decreases with later anti-solvent (AS) dripping as the properties of PbI4
2� species in the

precursor solutions change during drying. Here the IL also affects the evolution of the PbI4
2� properties,

as the IL cation interacts with the PbI4
2�. This interaction appears to reduce the perovskite growth rates

after initiating perovskite formation by AS dripping. Still, in the as-coated films the IL efficiently passivates

defect states. Thus, our work provides important insights into how decisive ILs impact the sensitive

interconnection between precursor properties, film formation process and final optoelectronic

functionality of perovskite thin films.

1. Introduction

Within the last decade the rise of metal halide perovskites
(MHPs) as light absorbers in solar cells is unprecedented, so that
today they are considered as one of the most promising candi-
dates for next-generation photovoltaics.1,2 The rapid increase of
perovskite solar cell efficiencies was initially achieved by opti-
mizing the MHP composition, developing new solution process-
ing approaches and tailored charge extraction layers.3–8 A more
recent key development to improve the efficiency and the stability
of perovskite solar cells is the usage of passivating additives to
reduce the number of defect states in the perovskite grain
boundaries or at its interface to the charge extraction layers. This
is either achieved by introducing passivating layers below and on
top of the perovskite layer,9–14 or by mixing different types of
additives into the precursor solution.15–21 The advantage of the
latter approach is that the passivating effect is not limited to the
interface, but also improves the perovskite grain boundary

properties. For this bifunctional passivation approach of MHPs,
ionic liquids (IL) have turned out to be especially suitable.10,22–25

For example, Snaith et al. mixed 1-butyl-3-
methylimidazoliumtetrauoroborate (BMIMBF4) into the
precursor solutions of different halide perovskites, which lead to
an extraordinary high stability of resulting solar cells and
improved optoelectronic lm properties.26

Another important aspect affecting the optoelectronic
properties of perovskites is their morphology, which in turn is
decisively determined by the exact crystallization processes that
occur during the solution based thin lm preparation. While
developing a general understanding of the perovskite lm
formation has been an important research focus for several
years, in particular investigated by in situ characterization
methods,27–35 the exact role of ionic liquids during solution
processing is still not well understood. In particular, it is not yet
clear how adding an IL to the precursor solutions leads to the
benecial optoelectronic nal lm properties, and whether the
IL interacts with the precursors, intermediate states and the
perovskite during the lm formation process, possibly inu-
encing the latter.36–40

In this work, we study the inuence of the ionic liquid
BMIMBF4 on the lm formation of the model halide perovskite
methylammonium lead iodide (MAPbI3) by multimodal in situ
optical spectroscopy. We simultaneously measured absorption,
photoluminescence (PL) and scattered light during solution
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based thin lm processing by spin coating. The sub-second
time resolution of our in situ measurement setup allows to
access all relevant formation kinetics, so that a detailed
understanding of the role of the IL in the lm formation process
can be developed.

We focus on the lm formation during one-step spin coating
as well as during the solvent engineering approach. In the one-
step spin coating experiments, where the substrate is spun until
the solvent is completely evaporated, we investigate the inu-
ence of the IL on the formation of solvent complex structures.
Furthermore, we address how the IL affects the transition of
these solvent complexes into perovskite, as well as the subse-
quent perovskite growth.

In the solvent engineering approach, the perovskite crystal-
lization is triggered by dripping an anti-solvent (AS) onto the
spinning precursor solution aer a well-dened time. By
systematic variation of the AS dripping time point, we investi-
gate the inuence of the IL on the evolution of iodoplumbate
states in the precursor solution and the subsequent perovskite
crystallization kinetics. Here, the presence of the IL appears to
facilitate the formation of PbI4

2� in the precursor solution,
resulting in a reduced perovskite growth rate aer AS dripping.
By X-ray diffraction (XRD), scanning electron microscopy (SEM)
and PL characterizations, we also evaluate how the changes in
the formation process impact on the nal lm properties. This
nally allows us to understand the differences of the grain size,
lm stability and non-radiative recombination rates that occur
in lms with different IL content.

2. Experimental
2.1 Precursor solutions

All materials were used as received. Lead(II) iodide (PbI2, 98%)
and methylammonium iodide (MAI, 99%) were purchased from
TCI. PbI2 and MAI were weighed in a stoichiometry of 1 : 1 and
dissolved in DMF (Acros). The ionic liquid (IL) BMIMBF4
(Sigma-Aldrich) was diluted with DMF and the appropriate
amount added to the solutions containing IL so that the overall
concentration of all solutions was 1.2 M. Before spin-coating, all
solutions were ltered with a 0.2 mm syringe lter.

2.2 Thin-lm fabrication

ITO substrates were cleaned in an ultrasonic bath with soap
water (Hellmanex), deionized water, acetone, and isopropanol
and treated with oxygen plasma prior to use. The substrates
were transferred into a nitrogen-lled glove box. As additional
extraction layers, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA, Sigma-Aldrich; 1.5 mg ml�1 in toluene,
6000 rpm for 30 s, 10 min at 100 �C) and poly(9,9-bis(30-(N,N-
dimethyl)-N-ethylammonium-propyl-2,7-uorene)-alt-2,7-(9,9-
dioctyl-uorene))dibromide (PFN-Br, Sigma-Aldrich; 0.5 mg
ml�1 in methanol, 5000 rpm for 20 s) were spin-coated onto the
ITO substrate. The spin coating of the perovskite layer was then
carried out on a custom-built spin coater at a spin speed of
2000 rpm for all samples, using 80 ml of precursor solution per
sample. For the samples fabricated via the solvent engineering

approach 500 ml of diethyl ether (Honeywell) was dripped onto
the substrates as AS at the respective timings. The obtained
perovskite lms were annealed at 100 �C for 1 h.

2.3 In Situ optical spectroscopy

All optical in situ data were recorded with a home-built setup,
detailed in Section S1 in the ESI.† In brief, three different
optical channels (photoluminescence (PL), scattered light, and
absorption) were recorded at a frame rate of 11.7 Hz/15 Hz for
the one-step processing/solvent engineering measurements. PL
and the scattered light were recorded simultaneously in one
spectrum. PL/scattered light and absorption were then recorded
alternating frame by frame. To ensure reproducibility we
recorded at least two coatings for each sample, which turned
out to be quasi-identical. In addition, to avoid any impact of
a built-up of solvent atmosphere, a fan was placed above the
spin coater (see Fig. S1†).

2.4 Liquid-state NMR spectroscopy

MAI, PbI2 and MAI + PbI2 precursor were dissolved in DMF-d7
(each 1.2 M) with and without 5 mol% IL. In case of PbI2 and
PbI2 + 5 mol% IL additionally a drop of DMSO-d6 was added to
dissolve the PbI2 entirely. Liquid-state NMR spectra of the
precursor solutions were recorded on a Bruker Avance III and
Avance III HD systems operating at a magnetic eld strength of
9.4 T (400 MHz, 19F and 207Pb experiments) and 14.1 T (600
MHz; 1H and 13C experiments), respectively. Probe heads used
were a Bruker 5 mm diffusion HFX probe (400 MHz) and
a standard liquid-state Bruker 5 mmHCN probe (600 MHz). The
chemical shi was referenced using 1 M lead nitrate solution in
D2O for 207Pb (�2990 ppm) and 0.05% triuoro-toluene solu-
tion in CDCl3 for

19F (�63.72 ppm) as secondary references. The
13C and 1H NMR spectra are referenced to tetramethylsilane
(TMS). All experiments were performed at room temperature.

The 1H NMR spectra (n0 (1H) ¼ 600.1 MHz) were obtained
with a single pulse (SP) excitation with a pulse length of 3.0 ms
corresponding to 30� tip angle and a recycle delay of 1 s. The 13C
NMR spectra (n0 (13C) ¼ 150.9 MHz) were acquired with an SP
sequence, a 6 ms pulse length corresponding to a 45� tip angle
and a recycle delay of 3 s. During 13C acquisition, proton
broadband decoupling was applied using a waltz-16 sequence
with nnut¼ 3.6 kHz. 19F NMR spectra (n0 (

19F)¼ 376.5 MHz) were
obtained with a SP excitation with a pulse length of 4.1 ms cor-
responding to 30� tip angle and a recycle delay of 5 s. 207Pb NMR
spectra (n0 (207Pb) ¼ 83.71 MHz) obtained with a SP excitation
with a pulse length of 12.0 ms corresponding to 90� tip angle and
a recycle delay of 0.5 s. A chemical shi range from �1500 to
2000 ppm was “scanned” in �500 ppm steps.

2.5 XRD

The XRD patterns were collected in reection mode using
a Bruker D8 Discover A25 with Cu KaI radiation (l ¼ 0.15406
nm), whereby the KaII-rays are removed by a Ge-KaI-mono-
chromator. The diffractometer was operated at 40 kV and 40
mA. The 2q range was set from 10� to 45� with a step size of
0.016�.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 18038–18049 | 18039
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2.6 SEM

The lm morphology was characterized by SEM using a Zeiss
Leo 1530 instrument FE-SEM with Schottky-eld-emission
cathode, In-lens detector, and SE2 detector. The accelerating
voltage was 3 kV. Prior to measurement, the samples were
sputtered with 2 nm platinum.

2.7 TR-PL

For time-resolved photoluminescence curves, time-correlated
single-photon counting (TCSPC) measurements were per-
formed with a PicoQuant MT200 confocal uorescence micro-
scope in combination with a PMA Hybrid PMT 40
photomultiplier tube (PicoQuant) and a TimeHarp 260 Pico
TCSPC board (PicoQuant). The samples were excited with
a 560 nm diode Laser (PicoQuant LDH-D-TA-560) with
a frequency of 2.0 MHz and a pulse width of 68 ps. The laser
beam was focused on the sample with an Olympus Objective
with 4� magnication and the emission was ltered with
a 561 nm long-pass lter before detection. The excitation u-
ence was set to 300 nJ cm�2.

2.8 Microscopy

Images of the lms obtained by one-step processing were taken
with a Leica DM 2700M using a Leica N Plan EPI objective
(100�/0.85 BD).

3. Results and discussion

We monitored the optical properties of the MAPbI3 precursor
solution during the lm processing using an extended version
of the setup described by Buchhorn et al.41 In brief, a drop of
precursor solution is deposited onto a rotating substrate, and
while the lm forms from the wet solvent layer, its absorption,
photoluminescence (PL), and scattered light are recorded
simultaneously. To determine the optical density, the trans-
mitted light of a white light LED placed below the substrate is
collected by an optical ber and led to a detection unit. From
these spectra and a reference transmission spectrum of a blank
substrate measured before the processing, the optical density is
determined.27 To differentiate between effects of absorption
and scattering in the optical density (OD) spectra, we also
measured the light intensity Iscatter of a green LED (peak wave-
length of 500 nm or 2.48 eV respectively; in the following
referred to as scatter-LED) that is scattered in the sample plane.
More scattering centers lead to an increase, and more absorp-
tion results in a decrease of Iscatter. Additionally, the PL is excited
with a laser and both, the scattered LED light and the PL are
collected by the same optical ber. More details of the setup and
the optical detection setup are given in Section S1 in the ESI.†

We use this system to investigate the one-step and the
solvent engineering solution processing of MAPbI3 thin lms.
One-step processing of MAPbI3 using a dimethylformamide
(DMF) based precursor solution typically results in lms with
incomplete coverage, as solvent-complexes crystallize in a nee-
dle-like manner, as depicted in Fig. 1b and S2,† predening
also the morphology of the perovskite phase.28 For the

processing condition that we use in our work (DMF as solvent,
processing at room temperature, precursor solution concen-
tration of 1.2M and a MAI : PbI2 ratio of 1 : 1) the predominant
structure of these complexes was found to be (MA)2(DMF)2-
Pb2I6.29,42–44 Their formation can be avoided by the so-called
solvent engineering method, where an anti-solvent is dripped
onto the rotating wet precursor lm prior to the formation of
the complex phase.44 For good lm quality, the point in time
when the anti-solvent is dripped prior to solvent complex
formation is crucial. Thus, we rst investigate how the presence
of the IL impacts on solvent complex phase formation for the
one-step processing before focusing on the solvent engineering
method.

3.1 One-step processing

We spin-coated equimolar solutions of PbI2 and MAI dissolved
in DMF (1.2M with different contents of IL). Fig. 1a illustrates
the typical evolution of the PL, the scattered light and the
optical density in the rst 130 s of spin coating for the solution
without IL, which serves as reference solution. The time t ¼
0 corresponds to the start of the spin coating.

In the rst 15 s, no changes in the PL and the scattered light
are observable. In contrast, a sine-like modulation in the OD
between 1.5 eV and 2.0 eV is present. This modulation is
indicative of a white light interference effect and from it, the
evolution of the solvent layer thickness during spin coating can
be extracted. While aer 15 s there is still no signal detectable in
the PL, the intensity of the scattered light and the OD begin to
increase, with the latter exhibiting a at spectral shape. This
rise of OD, together with a strong increase of scattered light
intensity, is evidence that scattering centers form within the
solution lm. Since there is no perovskite signature in the PL
channel observable, we can exclude the formation of MAPbI3
crystallites at this point of spin coating time, and we associate
these scattering centers with the formation of solvent-complex
structures. Hence, we call the point in time, at which the
intensity of the scattered light and the OD exhibits the strongest
rise, tcomplex.

Aer the initial rise, the scattering intensity stays roughly
constant for 6 s and then drops to values below the initial value
(also see Fig. S3†). This drop is a sign for the transformation
from the solvent-complex phase to a perovskite phase, where
the latter absorbs the light of the scatter-LED.28 The formation
of perovskite crystallites is underpinned by the concomitant
appearance of perovskite emission signatures in the PL spec-
trum aer 21 s. The moment of the strongest PL increase we
refer to as tpero. A broad and asymmetric PL signal appears at
1.9 eV, and its peak monotonously shis to lower energies and
gains intensity during the further spin coating (see Fig. S4† for
PL spectra at different times). Similarly, also the OD signal
changes from tpero onwards, where the OD spectrum becomes
slightly more pronounced at higher energies (see Fig. S5†).
From the spectral shape of the OD and from the observed
presence of perovskite PL, we conclude that the OD increase is
not only due to scattering, but also due to additional absorption
of perovskite crystallites that form from tpero onwards. For the
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one-step processing of solutions containing IL, we observe the
same qualitative evolution of the different optical properties
(Fig. S6†).

Next, we analyzed the time evolution of the different optical
properties quantitatively. We rst focused on the white light
interference effect in the OD spectra and extract the evolution of
the solvent layer thickness during spin coating by optical
modelling of the interference fringes as described in the ESI
(Section S2†). We nd the thickness for the reference sample to
drop to 2 mm within the rst 15 s of spin coating (Fig. S7†). The
evolution of the lm thickness is identical also for the solutions
containing the IL, indicating that the IL has no inuence on the
evaporation rate of the solvent before complex phase formation
(see Fig. S7† for detailed analysis and differentiation between
solution throw-off and evaporation).

For all precursor solutions considered in our study, the
interference pattern vanishes and the OD rises when tcomplex is
reached (aer approx. 16 s). Fig. 2a shows the OD at 1.6 eV for
the reference sample and the samples containing 1 mol% and
5 mol% of IL as a function of spin coating time. Since this
energy is below the absorption edge of bulk MAPbI3 (�1.65
eV),45,46 only scattering effects due to the formation of solvent
complexes cause the OD increase in Fig. 2a.28,42 As the OD
increases similarly for all IL contents, we conclude the forma-
tion of solvent complexes to be largely independent of the IL
content in our case.

As mentioned above, the formation process of the solvent
complex structures is also reected in an increase of Iscatter.
Furthermore, the time evolution of Iscatter also contains the
information about the subsequent perovskite formation
process, corresponding to a drop of Iscatter. To evaluate the point
in time and duration of both formation processes in more
detail, we analyze the time derivative dIscatter/dt (see Fig. 2b). In
the time evolution of dIscatter/dt, the positive peak corresponds
to the highest formation rate of solvent-complex phase and
from its position we extract tcomplex, whereas the negative peak
is associated with the highest transformation rate of the solvent
complexes to perovskite, determining tpero.28 By tting the peaks

with a log–normal function, tcomplex and tpero were quantied
(Fig. 2d top). Additionally, the full width at half maximum
(FWHM) of the peak ts corresponds to the duration of the
formation processes, indicated by the width of the shaded areas
in the top panel of Fig. 2d.

We nd the duration of the solvent-complex formation to be
�1.8 s, and tcomplex ¼ 16 s, both values being largely indepen-
dent of the IL content. When it comes to the transformation of
the solvent complex to perovskite, tpero increases from 21.4 s
(0 mol%) to 21.8 s (1 mol%) to 23.8 s for 5 mol% of IL, sug-
gesting a more delayed perovskite formation for higher IL
concentration. Especially for 5 mol%, the duration of the
transformation is 3.1 s, clearly larger compared to the FWHM of
1.9 s for the reference sample.

As a next step we analyzed the evolution of the PL properties
during spin coating. The peak position of the rst perovskite PL
spectrum that appears during the spin-coating process is
located at �1.9 eV. This energy is considerably higher than
typical bulk PL peak energies of 1.6 eV,27 suggesting the pres-
ence of a quantum connement effect. The subsequent shi of
the PL peak position for t > tpero reects a reduction of the
quantum connement as the initial perovskite crystallites
grow.47,48 Based on the quantum mechanical particle in a box
model,49 the energetic position of the PL peak EPL can be related
to the crystallite size d by

EPL ¼ Eg þ b

d2
(1)

where we set the MAPbI3 bulk band gap value Eg ¼
1.59 eV,27,45,46,50 and the constant b ¼ 3 eV nm2,51,52 based on
literature values. We extract the PL peak position by tting an
asymmetric hyperbolic secant to the measured PL spectra, and
quantied the evolution of the perovskite crystallite size using
eqn (1) (Fig. 2c; also see Fig. S8† for details).

We observe two distinct time periods at which the crystallite
size appears to increase with different rates: a fast initial growth
and a reduced growth at later times. This observation is in
accordance with the results from Schötz and Greve et al.,28 who

Fig. 1 (a) Heat maps of photoluminescence (PL), scattered light, and optical density (OD) measurements during the one-step processing at
2000 rpm of the reference solution without IL. In the PL map the peak position of each spectrum is indicated as black line. The time points of the
highest formation rate of solvent-complex phase tcomplex and of perovskite phase tpero are indicated as white dashed lines. The magnification of
the OD heat map in the first 15 s of spin coating shows the temporal evolution of the interference pattern due to thin-film interference. (b) Optical
microscopy image of the resulting film obtained by one-step processing the reference solution at 2000 rpm.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 18038–18049 | 18041
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associated the fast initial growth with free growth of the small
crystallites within the grain boundaries of the solvent complex
phase. Once the perovskite crystallization proceeds towards the
grain boundaries of the solvent complex phase, its growth
becomes limited, resulting in the slower perovskite growth at
later times.28

From linear ts to the evolution of the crystallite size, we
extract the growth rates for both periods. This analysis was
performed for all coatings, and the obtained growth rates are
shown in Fig. 2d as a function of IL content. With increasing IL
content, the initial growth rate decreases from 5.2 � 10�2 nm
s�1 for the reference solution, to 4.6� 10�2 nm s�1 (1 mol%), to
3.9 � 10�2 nm s�1 for the solution containing 5 mol%. Simi-
larly, the rates for the later growth decrease from 5.2 � 10�3 nm
s�1 (reference), to 4.0 � 10�3 nm s�1 (1 mol%) and to 3.6 �
10�3 nm s�1 (5 mol%). Thus, the presence of IL seems to
hamper both perovskite growth processes.

From the one-step processing experiments, we conclude that
the IL has no impact on the evolution of the solvent layer
thickness prior to tcomplex. Further, the IL neither affects the
point in time when the solvent-complex formation take place,
nor its rate. However, the IL delays and slows down the initial
transformation of the complex phase to the perovskite phase
and also hampers perovskite growth rates at later times. An
explanation for this behavior could be that the IL interacts with
the solvent complexes and thus hinders the solvent from

evaporating from the complex structures, leading to a delayed
perovskite formation. Recently, it was suggested that the
BMIM+-ion of the IL coordinates to PbI3,53 which might also be
the case in our samples. In this case, the presence of such
coordinated structures might interrupt the perovskite crystalli-
zation from the (MA)2(DMF)2Pb2I6 solvent complex structures,
leading to reduced overall perovskite growth rate.

3.2 Solvent engineering

Aer investigating the inuence of IL on the formation of
solvent complex structures, where we found no inuence on the
solvent complex formation but on the perovskite growth, the
question arises whether IL impacts the perovskite formation
and possibly the precursor properties also in the case of solvent
engineering.

In analogy to the one-step processing experiments, for our
solvent-engineering experiments we used the same precursor
solutions (1.2M PbI2 and MAI dissolved in DMF), i.e. without IL
and with 1mol% and 5mol% of IL content, and tracked the lm
formation during spin coating by the multimodal spectroscopy
approach. From our investigations in Section 2.1, we know that
the solvent-complex phase begins to form aer 15 s, indepen-
dent of the IL content. For the solvent engineering experiments,
we thus varied the AS dripping time point tASD aer the start of
the spin coating between 6 s, 12 s, and 15 s. Here tASD ¼ 6 s

Fig. 2 (a) Time evolution of the optical density at 1.6 eV for reference sample and samples containing 1 mol% and 5mol% of IL. (b) Time derivative
dIscatter/dt of the intensity at 2.48 eV of the scatter-LED for the three solutions. The positive (red) and negative (blue) peaks are fitted with a log–
normal function. (c) Time evolution of the PL peak position (purple) and the calculated crystallite size (black) according to eqn (1) for the reference
solution. The green and orange lines are linear fits, from which the perovskite crystallite growth rates are extracted. (d) tcomplex and tpero as
extracted from the dIscatter/dt analysis in (b), for all IL contents. The shaded area represents the FWHM of the fitted log–normal functions (top).
The initial crystallite growth rates (orange) and the growth rates later on (green) as a function of IL content (bottom).

18042 | J. Mater. Chem. A, 2022, 10, 18038–18049 This journal is © The Royal Society of Chemistry 2022
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allows to investigate the effect of a relatively early AS dripping
on the lm formation, tASD ¼ 12 s represents an AS dripping
time point that is oen used to prepare high efficient perovskite
solar cells,54 and tASD ¼ 15 s is close to the latest possible
addition of the AS prior to solvent complex formation.

Fig. 3a shows the time evolution of the PL, the scattered
light, and the optical density during the lm processing, using
a precursor solution without IL and an AS dripping time point
of tASD ¼ 15 s. Within the rst 15 s of spin coating, the optical
spectra evolve identically to the case of one-step processing, i.e.,
no PL intensity is present, the scatter LED intensity stays
constant, and the OD spectra exhibit a sine-like modulation
around zero, due to a thin-lm interference effect. The constant
scatter intensity and the negligible OD intensity below 2.5 eV are
evidence that no solvent complexes are formed up to this point
in time.

At �15 s, when the AS is dripped onto the rotating precursor
solution lm on the substrate, all optical properties change
drastically. Perovskite PL with a peak at 1.65 eV appears
immediately and its intensity substantially increases and
decreases again, all within�2 s. While the appearance of the PL
signal suggests the initial formation of perovskite crystallites,
we attribute the drastic change of PL intensity to an improved

light in- and out-coupling as long as the AS is present and not
yet fully spun away from the probed sample area. In the
moment of adding the AS, the intensity of the scattered light
vanishes and remains absent for the rest of the spin coating,
suggesting that no scattering centers form throughout the
entire spin coating process. Simultaneously, the OD above
1.8 eV rises promptly. We associate the OD increase above 1.8 eV
to stem from absorption of nanoconned perovskite crystal-
lites,47,48,55 in line with the PL properties in the moment of AS
dripping (see above).

Aer the initial perovskite formation period, i.e. from �17 s
onwards, the PL intensity rises again, accompanied by a shi of
the PL peak to lower energies. Similarly, the absorption onset
shis to �1.6 eV (Fig. 3b). These changes indicate a growth of
the perovskite crystallites.47,55 Qualitatively, the evolution of
optical properties for the other AS dripping times and IL
contents exhibit a similar behavior (Fig. S9–S11†).

To investigate the impact of AS dripping time on the initial
perovskite formation kinetic in more detail, we consider the
time evolution of the OD at 1.8 eV (Fig. 3c). From Fig. 3c, it
becomes clear that regardless of tASD, the OD at 1.8 eV increases
rapidly at the moment of AS dripping and then quickly
approaches a maximum value. We attribute the kink in the

Fig. 3 (a) Heat maps of photoluminescence (PL), scattered light, and optical density (OD) measurements during spin coating using the solvent
engineering approach at 2000 rpmof a reference solution. Here, the AS was dripped after 15 s. The white arrows indicate the time ranges of initial
perovskite (PSK) formation and further PSK growth, with the dashedwhite horizontal lines indicating their starting time. (b) OD spectra at different
times during the processing of reference solution during solvent engineering (solid lines). Circles indicate the absorption onset at each time step,
and for clarity the spectra were shifted vertically. (c) Time evolution of the OD at 1.8 eV during processing of the reference solution with different
AS dripping time points. (d) Normalized time derivative of the OD at 1.8 eV (smoothed, see Section S3 for details) during processing of the
reference solution with different AS dripping time points. The time axis is shifted so that t ¼ 0 corresponds to the moment of AS dripping.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 18038–18049 | 18043
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steep OD increase to the changes in light outcoupling during
the presence of AS in the probed sample area. Fig. 3d shows the
time derivative of the OD at 1.8 eV, where we shied the time
axis, so that t ¼ 0 corresponds to the moment of AS dripping.
Similar to the approach from the dIscatter/dt analysis in Fig. 2b,
the FWHM of the resulting dOD/dt peak is a measure for the
duration of the initial perovskite crystallization process. Here
the identical shape and width of the dOD/dt peaks for the
different AS dripping time points in Fig. 3d suggests that the
rate of initial perovskite formation is independent from the AS
dripping time points.

Aer having analyzed the kinetics of the initial perovskite
formation upon dripping the AS, and how it depends on the AS
dripping time point, we analyzed the kinetics of the perovskite
growth during further spin coating. To this end, we extracted
the crystallite size from the time evolution of the perovskite PL
peak position using eqn (1), analogous to the analysis in Fig. 2c.
Fig. 4a–c show how the crystallite size for the different AS
dripping time points (black lines) evolves, and Fig. 4d
summarizes corresponding perovskite growth rates kgrowth, ob-
tained by linear ts to the data in Fig. 4a–c. For the precursor
solution without IL, increasing the AS dripping time point from
6 s, to 12 s to 15 s results in kgrowth values of 15.4 � 10�2 nm s�1,
6.6 � 10�2 nm s�1 and 9.0 � 10�2 nm s�1 respectively. Thus,

tASD does not correlate directly with the resulting perovskite
crystallite growth rates, where the increase of kgrowth for
increasing tASD from 12 s to 15 s is particularly notable.

To understand this behavior, we reconsider the OD spectra
in the one-step processing experiments from Section 2.1 (i.e.
Fig. 1), with a focus on the evolution of their high energy
spectral range prior to the formation of solvent-complex struc-
tures, i.e. within the rst 16 s of spin coating (Fig. 5a). These
spectra show an increase in the range above �2.7 eV, which we
associate with the absorption onset of the iodoplumbate species
PbI4

2� that is known to be present in MAPbI3-DMF precursor
solution.56,57 Aer the initial throw-off of precursor solution, it
becomes clear from Fig. 5a, that between�7–9 s of spin coating,
the absolute intensity of the PbI4

2� absorption remains mainly
constant, and increases aerwards. Due to the limited spectral
range that we can detect reliably with our measurement system,
it is not possible to resolve whether the observed gain in
intensity is due to an increasing amount of PbI4

2�, or if the
PbI4

2� absorption peak broadens. The latter would indicate
a polynucleation of the PbI4

2� complex, as suggested by
Valencia et al.57

Nevertheless, from the rise in absorption in Fig. 5a, it
becomes clear that the properties of the iodoplumbate species
in the precursor solution change between 10 s and 15 s of spin

Fig. 4 Time evolution of the crystallite size, calculated from eqn (1), for the different IL contents and AS dripping time points (a) 6 s, (b) 12 s, (c)
15 s, together with linear fits, from which the crystallite growth rates were extracted. (d) Extracted crystallite growth rates as a function of the IL
concentration and different AS dripping time points. (e) Normalized PL spectra for the different IL contents directly after spin coating and after
72 h without thermal annealing after spin coating (smoothed, see Section S3). (f) Comparison of the absorption spectra directly after spin coating
(dashed lines) and after 72 h (solid lines).
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coating. Manser et al. demonstrated that an increased amount
of PbI4

2� complexes in MAPbI3 precursor solutions lead to
decreased perovskite formation aer solution processing and
during annealing.58 We thus associate the changes of the PbI4

2�

properties or of its relative amount in the precursor solution
with the changes of the perovskite growth rate for different AS
dripping time points.

Based on these insights, we investigated the inuence of the
IL on the initial perovskite formation upon AS dripping. Here
we nd the kinetics of the decrease of the scattered light
intensity and the increase of the OD at 1.8 eV to be independent
of the presence of IL in the precursor solution, for all three AS
dripping time points considered (Fig. S12 and S13†). Thus, we
conclude that the presence of IL in the precursor solution does
not impact the initial perovskite formation kinetics.

Regarding the perovskite growth during further spin coating
(corresponding to the time ranges considered for extracting the
perovskite growth rates in Fig. 4a–c), it becomes clear that the
growth rates for tASD¼ 6 s (squares in Fig. 4d) exhibits the highest
value, decreases for 12 s (circles), and increases again for tASD ¼
15 s (triangles). Thus, the qualitative behavior for the solution
with 0% IL prevails also for both IL containing solutions. From
Fig. 4d it also becomes clear that, in general, the perovskite
growth rate decreases with increasing IL concentration. This
behavior is similar to the correlation between IL content and
kgrowth found in the one-step processing experiments (Fig. 2d).

For 5 mol% IL containing precursor solutions and AS drip-
ping time points of 12 s and 15 s, kgrowth exhibits values below
0.05 nm s�1 (Fig. 4d). These low kgrowth values during further
spin coating are also reected in the optical properties of the
lms on longer time scales, e.g., 72 h aer the spin coating
process. Here, we nd the PL peak position of the samples
processed from the reference solution and the 1 mol% IL con-
taining solution to be at 1.57 eV, i.e. at the typical bulk MAPbI3
value. This suggests that in these samples the perovskite crys-
tallites have grown to sizes exceeding the typical connement
limit of �20 nm.52 In contrast, the PL peak of the sample pro-
cessed from the 5 mol% IL containing precursor solution

appears at a higher energy at 1.59 eV (Fig. 4e), which we assign
to PL contribution of perovskites crystallites that still exhibit
a connement effect. In the corresponding absorption spectra,
the effect of IL hampering the perovskite crystallization is re-
ected as well, where 72 h aer spin coating the extent of the
formation of a typical MAPbI3 absorption spectrum is dimin-
ished for increasing IL content (Fig. 4f).

We next address the underlying mechanism that causes the
hampered perovskite growth when IL is present in the precursor
solution. Here, we nd the intensity of the PbI4

2�-associated
absorption edge prior to AS dripping to be higher for increasing
IL contents (Fig. S14†). This increase suggests that the IL
impacts the precursor properties, i.e., it either leads to an
increased amount of PbI4

2�, or to a more pronounced poly-
nucleation of the precursor states.

To verify a possible interaction of the IL with the constituents
of the precursor solution, we conducted liquid state NMR spec-
troscopic measurements of solutions containing only MAI or
PbI2, and precursor solutions (i.e. MAI + PbI2) with and without
IL. The obtained 19F and 207Pb NMR spectra are depicted in
Fig. 5b and c (see Fig. S15 and S16† for 13C and 1H spectra). 19F
NMR spectroscopy probes the anion BF4

� of the IL in the
precursor solutions. While all 19F NMR spectra (Fig. 5b) exhibit
the typical double peak for BF4

� due to the coexistence of the
boron isotopes 10BF4

� and 11BF4
�,59 the 19F chemical shi

changes depending on the ions present in the solutions. As such,
the chemical shi of 11BF4

� of pure IL in DMF is �150.88 ppm
(150.82 ppm 10BF4

�), and a shi of the resonances to higher ppm
values (�150.49 ppm 11BF4

�; �150.44 ppm 10BF4
�) is observed

for the PbI2 precursor solution and lower ppm values for the MAI
(�151.24 ppm 11BF4

�; �151.18 ppm 10BF4
�) and the MAI + PbI2

(�151.50 ppm 11BF4
�; �151.44 ppm 10BF4

�) precursor solutions.
An upeld-shi (shi to lower ppm values) of the BF4

� signal in
both, the pure MAI and the MAPbI3 precursor solutions is
observed, while in the case of the pure PbI2 solution a downeld-
shi occurs, indicating that the BF4

� anion predominantly
interacts with the MA+ cations. This is further reected in the 1H
NMR spectra (Fig. S16†) of the precursor solutions, where the

Fig. 5 (a) Temporal evolution of the absorption spectra of the reference solution in the UV-range. (b) 19F NMR spectra probing the BF4
� anion of

the IL solution, the single precursor solutions with 5 mol% of IL, and the MAPbI3 solution with 5 mol% of IL. Due to the boron isotopes 10BF4-
�/11BF4

� two 19F signals are present. (c) 207Pb NMR spectra of MAPbI3 solutions without and with 5 mol% of IL. The solvent for all precursor
solutions is DMF-d7. In case of PbI2 a drop of DMSO-d6 was added to dissolve PbI2 entirely.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 18038–18049 | 18045
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BMIM+ cation of the IL is probed. The 1H signals of the alkyl
region of the BMIM+ also exhibit a characteristic shi, reversed to
the observations in the 19F spectra: while no shi is observed for
pure MAI + IL solutions compared to pure IL, the signals are
upeld-shied in pure PbI2 and MAPbI3 precursor solutions
(Fig. S16b†). This in turn suggests that the BMIM+ cation of the IL
interacts with the PbIx complexes in the solutions. This nding is
further corroborated, by probing the PbI4

2� complexes inMAPbI3
precursor solutions with and without IL. Here, the 207Pb signal
shis from 1610 ppm for MAI + PbI2 to 1604 ppm upon addition
of IL (Fig. 5c). This upeld shi of the 207Pb resonance indicates
a slight increase of electron density at the Pb atoms, probably due
to an interaction of the PbI4

2� with the IL cation, which is in line
with recent literature reports.53 In summary, the change of
chemical shis for BF4

�, BMIM+ and PbI4
2� prove that the ions of

the ionic liquid impact on the electronic environment of the
precursors, conrming an interaction of the IL with the precur-
sors already in solution, predominantly between BF4

� and MA+,
as well as BMIM+ and PbI4

2�.

3.3 Final lm properties

Having examined the inuence of the IL on crystallite growth
and lm formation, we nally address how the differences in
the lm formation during the solvent engineering approach
transfer to the nal MAPbI3 lm properties.

Fig. 6a shows SEM images of the nal MAPbI3 thin lms
prepared using tASD ¼ 12 s, for different amounts of IL. Aer
spin coating, the lms were stored in an inert atmosphere for

eight weeks before the SEM characterization. From Fig. 6a it
becomes clear, that the reduced perovskite growth rate for
higher IL contents found in Section 2.2 results in a decrease of
the grain size in the nal thin lm. Interestingly, frayed areas
are present in the reference lm, indicating a partial degrada-
tion of the perovskite. In contrast, the lm morphologies of the
two IL-containing lms do not show such areas, indicating
a benecial effect of the IL on the chemical stability of the
perovskite thin lm, which is in line with the ndings from
literature.26

The decrease of grain size for increasing IL content is
accompanied by a decrease of perovskite crystallite size and
microstrain, as concluded from Rietveld renement analysis of
the XRD patterns of the nal lms (Fig. 6b). We speculate that
the decrease inmicrostrain also relates to the improved stability
of the lm with higher IL content, similar to the behavior found
for MAPbI3 in powder form, which exhibited negligible micro-
strain and remarkable chemical stability for more than 2.5
years.60

Fig. 6c shows the integrated PL intensity of lms processed
with tASD ¼ 12 s, directly aer spin coating, aer 72 h, and aer
thermal annealing at 100 �C for 60 minutes, normalized to the
intensity directly aer spin coating. In this sequence, the
reference lm shows the most drastic relative decrease in PL
intensity, while the corresponding decrease of PL intensity for
the sample containing 1 mol% IL is less pronounced. 72 h aer
spin coating, the sample containing 5 mol% IL even shows an
increase in PL intensity. Moreover, from the corresponding
evolution of the absolute PL intensities (Fig. S17†) we nd that

Fig. 6 (a) Top view SEM images of MAPbI3 films containing different amounts of IL. (b) MAPbI3 crystal size and microstrain extracted from XRD
patterns of MAPbI3 thin films containing different amounts of the IL BMIMBF4. (c) PL intensity of films processedwith tASD¼ 12 s, directly after spin
coating, after 72 h, and after thermal annealing, normalized to the intensity directly after spin coating. (d) Time-resolved PL decay curves of
annealed films, together with fits using eqn (2).

18046 | J. Mater. Chem. A, 2022, 10, 18038–18049 This journal is © The Royal Society of Chemistry 2022
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in all cases, i.e. directly aer spin coating, 72 h aer spin
coating and aer annealing, the PL intensity is higher, the
higher the IL content. These observations suggest that even
before annealing, where we expect solvent molecules to still be
present in the thin lms, more non-radiative decay channels are
passivated with increasing IL content.60–64

To evaluate this behavior in more detail, we performed time-
resolved photoluminescence (TRPL) measurements of the
annealed lms with different IL content (Fig. 6d), and analyzed
the PL decays using a rate equation of the form

dn

dt
¼ �k1 n � k2n

2 � k3n
3: (2)

Here, n is the photoinduced charge carrier density within the
perovskite, and k1, k2 and k3 are associated with trap-mediated
recombination due to defects, bimolecular (radiative) and
Auger recombination, respectively. k2 and k3 can be considered
material constants, whereas k1 depends on the defect density in
the sample. To t the TRPL curves, k2 and k3 were set to 6.8 �
10�10 cm3 s�1 and 10�28 cm6 s�1, respectively,65 and we esti-
mated the initial value of the charge carrier density n based on
the experimental conditions (see experimental section) to be on
the order of 5 � 1016 cm�3. From our ts we obtain k1 values of
4.3 � 107 s�1, 7.2 � 106 s�1 and 8.2 � 106 s�1 for the reference
lm and the lms containing 1 mol% and 5 mol% IL, respec-
tively (for more details see Section S4†). Thus for an increasing
IL content in the precursor solution the non-radiative, defect
assisted recombination rate reduces, which is in line with
literature reports.66 At the same time, it is also known from
literature, that k1 increases for smaller grain sizes in MAPbI3
thin lms.67 Thus we conclude that in our case, the passivation
of defect states by the IL in the nal thin lms appears to be the
dominant effect causing the observed changes of k1, whereas
the decrease of grain size of the lms with higher IL content
(Fig. 6a) appears to play only a minor role in determining k1.

4. Conclusion

We investigated the impact of the ionic liquid BMIMBF4 on the
lm formation processes of MAPbI3, monitored by multimodal
optical in situ spectroscopy during spin coating, employing one-
step processing, as well as a solvent engineering approach. The
one-step processing experiments revealed that the IL had no
effect on the formation of the perovskite–solvent complexes.
However, higher IL contents in the precursor solutions lead to
delayed perovskite transformation with decreased growth rates,
presumably due to the IL interaction with the complex struc-
tures hampering solvent evaporation.

In the solvent engineering experiments, we nd that the
perovskite growth rate decreases with later AS dripping time
points, which was associated with changing properties of the
PbI4

2� species in the precursor solutions during drying.
Furthermore, the IL also affects the properties and temporal
evolution of the PbI4

2� species in the precursor solution, where
the BF4

� anion and the cation of the IL preferably interact with
the MA+ cations and the PbI4

2�, respectively. These interactions

appear to be directly related to the observed reduction in
perovskite growth rates with increasing IL content aer initi-
ating the perovskite formation by AS dripping.

Furthermore, the identied selectivity of interaction between
IL anion with MA+ and IL cation with the PbI4

2�-species opens
up the potential for versatile control and tailoring precursor
properties and thus perovskite formation by targeted selection
of IL constituents.

The crystallization-inhibiting effect of the IL resulted in
smaller grain sizes of the nal lms with higher IL content.
Here, we found that lms containing IL exhibit less microstrain,
which in turn can explain their increased stability. Regarding
the optoelectronic lm properties, we deduced from our PL
analyses that the IL reduces non-radiative decay of excited states
already in the as-coated thin lms. This effect persists aer
annealing, suggesting an efficient passivation of defects in the
perovskite lms containing IL, which outcompetes a possible
decrease of non-radiative decay rate due to the decreasing
perovskite grain size with increasing IL content.

Our work thus reveals the important role the IL plays in the
entire process of solution-based perovskite lm manufacturing,
inuencing the precursor chemistry, the subsequent crystalli-
zation properties during solution processing, and the opto-
electronic properties of the nal thin-lms.

Especially, the clear impact of the IL on the evolution of the
precursor states emphasizes the importance of taking into
account the dynamic changes of the precursor properties, in
order to develop improved solution processing protocols in the
future. Here, adaptive processing approaches, where e.g. the
anti-solvent is dripped not aer a xed pre-dened point in time
during processing, but is dripped whenever a specic precursor
property has evolved, appears to be an attractive future
direction.

Thus, our work represents an important building block in
developing a better understanding about the sensitive rela-
tionship between the presence of additives in perovskite
precursor solutions and the entire lm formation processes,
facilitating more tailored solution processing strategies in the
future.
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S1: Detailed description of the measurement setup 

 

Fig. S1: Photographs of the setup used for measuring the in situ optical data during spin 

coating. 

The setup for measuring the in situ optical data during spin-coating. It consists of a 

custom-built spin-coater (1) with a hole in the middle (2). Underneath the spin-coater 

a white-light LED is placed. Its light shines through the hole in the middle of the spin-

coater and serves as a white light for transmission measurements. A laser diode (405 

nm) in combination with focusing optics and a diaphragm (3) are mounted above the 

spin-coater for exciting the sample for PL measurements. An LED emitting at 490 nm 

(4) is placed next to the laser, whose scattered light can be detected (referred to as 

scatter-LED). The circular area probed by our optical measurements during the spin-

coating has a diameter of 5 mm in the center of the substrate. White-light and excitation 

laser are turned on and off alternatingly, so that either transmission or PL is probed. 

Transmitted light, PL and scattered LED light are collected with one optical fiber (5), 

1 

6 
4 

3 

5 

2 

8 

7 
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which is coupled to the detection system. The detection system consists of a CCD 

camera, coupled to a spectrograph, and a home-built detection setup, which is 

described in detail in Supporting Reference 1. In brief, the detection setup switches the 

optical path between transmission and PL measurements, so that for PL 

measurements, the laser wavelength is blocked by a suitable filter. In contrast, for 

transmission measurements, the transmitted light is coupled into the spectrograph 

without additional filtering. The detection setup further synchronizes the CCD camera 

with the white-light LED, the laser and the optical path switching. Using this setup, we 

can record PL and transmission during spin-coating quasi-simultaneously (i.e., 

alternating frame by frame) with a rate of more than 10 Hz. From the transmission 

measurements, the optical density (OD) is calculated based on a reference 

measurement prior to spin-coating. Scattered LED light is recorded during the PL 

measurements. For experiments using the solvent engineering, the antisolvent can be 

applied via a syringe connected to a capillary (6). The substrate is physically held into 

place by barriers (7) to ensure the measurements during the processing are taken from 

the same sample area. To avoid a built-up of solvent atmosphere which can impact 

the film formation properties, a fan (8) is placed above the spin coater chuck. 

 

Fig. S2: Microscopy image of a) the reference film, b) the film with 1 mol% BMIMBF4 and c) 

the film with 5 mol% BMIMBF4 processed via one-step spin coating of MAPbI3 in DMF at 2000 

RPM. The scale bar is 20 µm. 

1% Ref 5% 

a) b) c) 
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Fig. S3: Time evolution of the intensity of the scattered light during one-step spin coating at 

2000 RPM of MAPbI3 in DMF with different IL contents as indicated. The dashed lines indicate 

the initial intensity level and the high intensity level after solvent-complex formation. 

 

Fig S4: PL spectra at different times of the reference sample processed without IL via one-

step spin coating at 2000 RPM of MAPbI3 in DMF. 

 

Fig. S5: Absorption spectra after 16 s (black) and 25 s (red) of the reference sample processed 

without IL via one-step spin coating at 2000 RPM.  
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Fig. S6: Heat maps of photoluminescence (PL), scattered light, and optical density (OD) 

measurement during one-step spin coating at 2000 RPM of the solutions with a) 1 mol% 

BMIMBF4. and b) 5 mol% BMIMBF4. 

 

S2: Estimation of layer thickness based on white light interference: 

As described in our previous work1, prior to the formation of the intermediate phase, 

we observe a sinusoidal modulation of the OD spectrum upon spin-coating (see Figure 

S7a). Such a modulation is indicative of positive and negative interference of white 

light caused by a thin layer and reflection at its interfaces. If the refractive index of the 

photoluminescence scattered light absorption

photoluminescence scattered light absorption

a)

b)
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layer causing the interference is known, the thickness of the layer can be calculated 

from the distance of adjacent extrema in the OD using2,3 

𝑑 =  
𝜆1𝜆2

2(𝑛2𝜆1−𝑛1𝜆2)
,          (S1) 

where λi is the wavelength of the extremum i and ni is the refractive index at wavelength 

λi. Assuming that n is roughly constant in the investigated spectral range, i.e. n1 ≈ n2, 

and converting the wavelength to energy, Equation S1 can be re-written to 

𝑑 =  
ℎ𝑐

2𝑛𝛥𝐸
,            (S2) 

where ΔE is the energetic difference of two adjacent extrema in the OD. ΔE was 

extracted from the frequency of a sine function of the form 

𝑂𝐷 = sin(∆𝐸 ∗ (𝑥 + 𝑥0)) + 𝑦0 + 𝑚 ∗ 𝑥        (S3) 

fitted to the OD (see black dashed line in Figure S7a. The thickness of the layer was 

then calculated using the refractive index of DMF, that is n = 1.43. The calculated layer 

thickness using Equation S2 is shown in Figure S7b. Note that if the refractive index of 

the solution layer is higher than of pure DMF due to the presence of solute PbI2, the 

resulting layer thickness would be smaller. Thus, the layer thickness calculated with 

the refractive index of DMF can be seen as an upper limit to the actual layer thickness 

of the solution layer. 

  

58 9. How the Ionic Liquid BMIMBF4 Influences the Formation and Optoelectronic Properties of MAPbI3 Films



S7 

 

Fig. S7: a) Sinusoidal modulation of the measured OD spectrum caused by white light 

interference (red) together with a sine function following Equation S3, fitted to the measured 

OD (black) b) Time evolution of the solution layer thickness as extracted from the white light 

interference during one-step spin coating at 2000 rpm for precursor solutions containing 

different contents of BMIMBF4. c) Evolution of the solution layer thickness of the reference 

precursor solution (black solid), together with the evolution of the OD at 2.8eV (blue dotted) 

within the first 15s of spin coating. Between 3.5s and 7s, both the solution layer thickness and 

the OD at 2.8eV follow the same qualitative decrease. While the solution layer thickness 
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continuously keeps decreasing after 7s, the OD at 2.8 eV stays constant until 9s, and increases 

afterwards. The fast decrease of OD and solution layer thickness in the first 7s indicates a 

throw-off of precursor solution, while between 7s and 9s the constant OD and continuous 

decrease of solution layer thickness suggest a mere evaporation of the solvent. The increase 

of OD from 9s onwards, while the solution layer thickness further decreases, can be associated 

to the change of the iodoplumbate precursor properties. 

 

 

 

Fig. S8: Time evolution of the PL peak position (pink) and the resulting crystallite size (black), 

calculated via quantum confinement, for a) the solution with 1 mol% of IL and b) the solution 

with 5 mol% of IL. The green and orange lines show linear fits, from which the crystallite growth 

rates are extracted.  

For fitting the PL spectra, we use an empirical line shape in the form of an asymmetric 

hyperbolic secant, that is 

𝐼(𝐸) = 𝐼0
2

𝑒
𝐸−𝐸0

𝜎1  + 𝑒
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S3: Aliasing effect and smoothing of the data 

All signal intensities (transmitted white light, scattered LED light, PL) depend slightly 

on the angular position of the spin coater, i.e. the detectable intensities change with 

the frequency of the spin coater due to the rotation of the spin coater. Combined with 

the finite frequency of detection, this leads to aliasing when the Nyquist criterion cannot 

be met. As a result, the recorded signal is modulated with the aliasing frequency. Since 

the modulation is always much faster than the observed processes during film 

formation, the data can be corrected against this modulation. As reported in our earlier 

work,1 this frequency can be filtered out by applying a notch filter in this frequency 

range or by using a Savitzky-Golay filter with a window size of 25 points and a 

polynomial order of 2. Both methods resulted in a similarly smooth curve. Therefore, 

we treated the data with a Savitzky-Golay filter when smoothing was indicated. 

Additionally, the same smoothing method was applied to the PL spectra after 72 hours 

in Figure 4e due to a poor signal to noise ratio. 
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Fig. S9: Heat maps of photoluminescence (PL), scattered light, and optical density (OD) 

measurement at 2000 RPM of the reference solution without IL, processed via the solvent 

engineering approach. The antisolvent was dripped after a) 6 s, b) 12 s, and c) 15 s. 

b)

c)

a)
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Fig. S10: Heat maps of photoluminescence (PL), scattered light, and optical density (OD) 

measurement at 2000 RPM of the solution with 1mol% BMIMBF4, processed via the solvent 

engineering approach. The antisolvent was dripped after a) 6 s, b) 12 s, and c) 15 s. 

a)

b)

c)
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Fig. S11: Heat maps of photoluminescence (PL), scattered light, and optical density (OD) 

measurement at 2000 RPM of the solution with 5mol% BMIMBF4, processed via the solvent 

engineering approach. The antisolvent was dripped after a) 6 s, b) 12 s, and c) 15 s. 

a)

b)

c)
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Fig. S12: Normalized temporal evolution of the intensity of the scattered light for different anti-

solvent dripping time points for a) the samples without IL, b) the samples with 1 mol% of IL and 

c) the samples with 5 mol% of IL. t = 0 of the time axis is shifted to match the time of the AS 

dripping.  

 

Fig S13: a) Time evolution of the OD at 1.8 eV for the 1mol% IL sample and for different anti-

solvent dripping time points. b) normalized time derivative of the OD at 1.8 eV for the 1mol% 
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IL sample and for different AS dripping time points. t = 0 of the time axis is shifted to match the 

time of the AS dripping. c) Time evolution of the OD at 1.8 eV for the 5mol% IL sample and for 

different AS dripping time points. d) Normalized time derivative of the OD at 1.8 eV for the 

5mol% IL sample and for different AS dripping time points. t = 0 of the time axis is shifted to 

match the time of the AS dripping 

 

 

 

 

Fig S14: Time evolution of the OD, integrated between 2.84eV and 2.87eV, for precursor 

solutions, containing different amounts of IL as indicated. 
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Fig S15: 13C NMR spectra of the IL solution, the single precursors solutions with and without 

5 mol% IL, and the MAPbI3 solution with 5 mol% IL. The solvent for all precursor-solutions is 

DMF-d7. In case of PbI2 a drop of DMSO-d6 was further added to solve PbI2 entirely. 

 

Fig S16: a) 1H NMR spectra of the IL solution, the single precursor solutions with and without 

5 mol% IL, and the MAPbI3 solution with and without 5 mol% IL. The solvent for all precursor-

solutions is DMF-d7. In case of PbI2 a drop of DMSO-d6 was further added to solve PbI2 

entirely. b) Enlarged view of a) in the alkyl region between 0 and 3 ppm.  
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Fig S17: Alternative representation of Fig. 6c in the main text with absolute (integrated) 

values of the PL intensities.  
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S4: Details on the TRPL fittings 

For fitting the TRPL data, we used the rate equation of the form4 

𝑑𝑛

𝑑𝑡
= −𝑘1𝑛 − 𝑘2𝑛2 − 𝑘3𝑛3,         (S5) 

where n is the (excess) charge carrier density after photoexcitation, and k1, k2, k3 are 

the (defect related) monomolecular, (radiative) bimolecular and Auger recombination, 

respectively. k2 = 6.8x10-10 cm3s-1 and k3 = 10-28 cm6s-1 were fixed as material 

parameters based on literature reports, and n(t=0) was estimated as a starting value 

to be on the order of 5x1016 cm-3 based on the experimental conditions. Equation S5 

was then solved numerically using the forward Euler algorithm with time steps of 

Δt = 200 ps. From the decay of the charge carrier density, the (normalized) PL decay 

was calculated according to 

𝐼𝑃𝐿,𝑓𝑖𝑡(𝑡) ∝ 𝑛(𝑡)2.          (S6) 

Equation S6 was then fitted to the experimental data using a least squares approach, 

where Equation S5 was solved in every iteration of the fitting procedure. k1 and n(t=0) 

were considered free parameters, resulting in k1 values of 4.3x107 s-1, 7.2x106 s-1, 

8.2x106 s-1 for the reference film and the films containing 1 mol% and 5 mol% IL, 

respectively. For n(t=0), we obtain values of 2.1x1017 cm-3, 1.2x1017 cm-3, 1.4x1017 cm-

3 for the reference film and the films containing 1 mol% and 5 mol% IL, agreeing well 

with the estimated initial value. 
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Reactive spin coating based on real-time in situ
feedback for improved control of perovskite thin
film fabrication†

Simon Biberger, a Maximilian Spies,a Konstantin Schötz,a Frank-Julian Kahle,a

Nico Leupold, b Ralf Moos,b Helen Grüninger, c Anna Köhler a and
Fabian Panzer *a

Efficient perovskite solar cells require metal halide perovskite (MHP) films of consistent and reproducible

high quality. MHP films are frequently prepared through a solution-based solvent-engineering spin

coating approach. This processing involves considering various controllable parameters (e.g. spin speed)

and ones that are more difficult to control (e.g. changes in atmosphere) to fabricate MHP films reliably.

To address this issue, we developed a closed-loop feedback system based on a multimodal optical

in situ spectroscopy spin coater system. We combine this system with real-time monitoring and analysis

of the optical spectra during the spin coating process. As soon as a parameter of interest reaches a

predefined target level, perovskite crystallization is automatically induced by dispensing the antisolvent

via a syringe pump. To demonstrate our approach, we optically monitor the precursor solution film

thickness as the parameter of interest during the spin coating. We intentionally vary the evaporation

kinetics by spin coating at different spin speeds between 2000 and 1250 rpm and compare our reactive

method to the common time-based approach. We find that our method reliably counteracts effects like

variation in solvent evaporation rate due to atmospheric changes and reduces the human impact on the

processing, thus leading to reproducible film quality for all spin speeds without any optimization steps.

1. Introduction

With PCEs up to 26.1%1 and operational stabilities of several
thousand hours,2,3 metal halide perovskites (MHP) based solar
cells have improved tremendously in the last 10 years. These
highly efficient solar cells require a high quality of the MHP
film itself. The state-of-the-art processing method for the
majority of such high-quality MHP films is the solution-based
solvent engineering spin coating approach.4 In this approach,
the MHP crystallization is commonly induced by dispensing an
antisolvent (AS) onto the precursor solution film on the spin-
ning substrate after a certain time of spinning. This time-based
approach has several processing parameters that have to be
considered.5 Some of these, such as the spin speed, are easy to
control while others are more subtle and hence more difficult

to control. Consequently, the recipes (containing e.g. spin
speed, timing of AS dispensing, composition of the precursor
solution) used to fabricate MHP films with this approach are
usually developed empirically, differ from lab to lab around the
world, and are often transferable only with limited success
from one lab to the other.4 A significant factor responsible for
the commonly observed discrepancies in PCE differences
between batches and even within a batch of solar cells6,7 are
processing parameters that cannot easily be controlled, such as
changes in atmospheric conditions or the quality of precursor
material.6,8 An additional influence can be the researcher who
fabricates the perovskite layer, as his or her skill and comport-
ment may, despite all control efforts, subconsciously control
exactly when, how fast, and how much AS is dispensed.6,9–12

In this work, we present our recent development of a reactive
spin coating approach that aims to eliminate the impact of
changing process parameters like atmosphere on the proces-
sing. By implementing a syringe pump for autonomous AS
dispensing, we further aim to exclude possible variations in
AS dispensing. We compensate for possible changes in proces-
sing parameters by real-time tracking. For this, we evaluate the
optical properties of the precursor solution via multimodal
optical in situ spectroscopy and dispense the AS based on the
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evolving film properties. In this way, we progress from the
commonly used time-based spin coating approach where the
AS is dispensed after an empirically determined fixed time after
the start of the spin coater, to a more fundamental reactive
processing approach where the AS is dispensed when a certain
parameter of interest that reflects the progress of the film
formation (e.g. precursor solution film thickness, precursor
state composition,13 etc.) reaches a target value. The capability
of this approach is demonstrated by simulating a change in
formation kinetics, originating for example from varying eva-
poration rates of the solvent, by employing different spin
speeds of the spin coater between 2000 and 1250 rpm.14,15

For reference, we also processed perovskite films by the time-
based spin coating approach for all spin speeds. After the
measurements, we analyze the in situ data further to extract
the perovskite growth rates and investigate the morphology of
the resulting film.

The results of the reactive spin coating approach show a
consistent quality of the perovskite layer independent of the
rotation speed and concomitantly the solvent evaporation rate.
This implies a successful and automated compensation of the
change in formation kinetics. Notably, for all spin speeds a
similar crystallite growth rate and morphology can be observed.
In contrast, the films made with the time-based method exhibit
significant differences in film morphology for the different spin
speeds, and crystallite growth rates also vary widely. Thus, our
findings prove the potential of the reactive spin coating method
to compensate for varying processing parameters that are
difficult to control otherwise, e.g. environmental changes and
the variation of human reaction time, in order to reproducibly
fabricate MHP films with consistent quality, independent of
processing conditions.

2. The reactive spin coating concept

For our novel spin coating approach, we extended a home-built
multimodal optical in situ measurements setup (see Fig. S1,
ESI†) as described in detail by Buchhorn et al.16 with a syringe
pump. An in-house Python program controls all components
and, moreover, records and analyzes the optical spectra in real
time. The general concept of the reactive spin coating is shown
schematically in Fig. 1. We initiate the spin-coating after
deposing the solution with the precursors onto the substrate.
With the start of rotation, absorption and PL are recorded and
continuously analyzed on the fly. In our program routine, the
determination of the precursor solution film thickness (the
‘‘parameter of interest’’ (POI)) occurs continuously. Once the

previously specified target value is obtained, the program
allows for the antisolvent to be dispensed onto the sample in
a fully automated fashion. In this way, the crystallization of the
perovskite gets initiated automatically at the intended precur-
sor solution film thickness, independent of uncontrollable
fluctuations in the solvent evaporation rate, e.g. due to changes
in the room temperature or ventilation. Once the spin-coating
is finished, we manually take the sample and anneal it.
Obviously, this procedure (initiate process, examine, determine
POI, trigger an action when POI reaches target value) can be
adapted to suit any POI that is directly or indirectly measurable
during the film processing, such as the concentration of certain
iodoplumbate species,17–19 and any desired action.

As mentioned, for demonstration purposes we chose the
precursor solution film thickness as the parameter of
interest.5,20 For the investigated material system and other
commonly used MHP compositions, the parameter thickness
d of the precursor solution film can be extracted from an
interference pattern that emerges in the absorption spectra
between 1.6 eV and 2.4 eV after E 5 s.17,20 This pattern is
caused by white light thin-film interference between the upper
and lower interface of the precursor solution layer (Fig. 2a)18

and it is spectrally manifested in a sine-like modulation of the
otherwise flat absorption spectrum of the precursor solution
layer in this energy range. According to Manifacier et al.21 the
thickness d of such a film can be calculated by taking advantage
of this sinusoidal pattern, using eqn (1):

d ¼ l1l2
2 l1n2 � l2n1ð Þ (1)

where l1 and l2 are the wavelengths of two consecutive extrema
in the optical density (OD). n1 and n2 are the refractive indices
of the sample at the respective wavelengths. Assuming n is
constant in the investigated spectral range and is given by the
refractive index of dimethylformamide (DMF, nDMF = 1.43),
the layer thickness can be written in terms of the frequency
of the observed sine wave (o) since the extrema are uniformly
spaced in units of energy (see ESI† for details):

d ¼ hco
4pnDMF

(2)

where h is the Planck constant and c is the speed of light in
vacuum. To illustrate and explain the reactive processing for
our chosen parameter of interest in more detail, the evolution
of the OD of the precursor solution layer is plotted against
energy and time after starting the spin coating in Fig. 2b. For
every time frame, a sinusoidal pattern emerges, therefore
leading to a stripe pattern in the 2D map that broadens with

Fig. 1 Flowchart of the general scheme of the reactive spin coating procedure.
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increasing time. The upper left plot in Fig. 2b shows two
exemplary slices of the 2D OD map at different time frames.
In this representation, one can easily observe a decrease in
frequency o with increasing time. The parameter o is obtained
by fitting a sine-like function and the precursor solution layer
thickness is then calculated using eqn (2). These calculations
are performed between two consecutive absorption spectrum
measurements and therefore yield a real-time plot of
the precursor solution layer thickness, that is depicted on the
right in Fig. 2b. Once this extracted thickness decreases below
a certain target thickness dtarget, in this work 2 mm, the dispen-
sing of antisolvent is initiated. As soon as the antisolvent
reaches the precursor film, the OD rises due to perovskite
crystallization and the white light interference originating
from the precursor solution film vanishes (black dotted line
in Fig. 2b). Further, we set an additional condition: a series of
data points (in our case 9) must be smaller than the
target thickness before the initiation of the antisolvent dispen-
sing. This makes our method more robust against noise
induced fluctuations in the extracted precursor solution layer
thickness.

3. Comparing reactive vs. time-based
spin coating

To show the capabilities of our approach, we compare the
processing of (1) methylammonium lead iodide (MAPbI3,
1.2 M of equimolar lead iodide and methylammonium iodide
in DMF) and (2) a mixed cation and halide composition
((MA0.17FA0.83)Pb(I0.83Br0.17)3, 1.2 M in DMF) thin films on glass
substrates either via the new reactive or the established time-
based spin coating method. We simultaneously record the
absorption and PL during the film formation with the optical
in situ spin coater setup as described. As the target value for the
precursor solution layer thickness, we selected 2 mm since we
obtained good MAPbI3 thin films in our previous work when
the film was spun at 2000 rpm and the AS was dispensed at this
solution layer thickness.5 For the time-based approach, the AS
dispensing was initiated 12 s after the start of the spin coating
for all spin speeds which corresponds to the time necessary to
reach a precursor solution layer thickness of 2 mm for 2000 rpm.
To simulate a change in formation kinetics, such as a change in
evaporation rate, we varied the spin speed of the spin coater
between 2000 and 1250 rpm in 250 rpm steps. This results in a
reduction of the solvent evaporation rate constant from 0.21 s�1

for 2000 rpm to 0.15 s�1 for 1250 rpm (for details on the
calculation of the evaporation rate constant see Fig. S2, ESI†).
First, the recorded in situ data (absorption and PL) are analyzed
in more detail to characterize possible differences between the
two processing methods that can already be observed during
film formation. Then, the optoelectronic properties and mor-
phology of the final films after annealing are investigated and
possible differences are identified. Finally, we discuss how the
findings obtained from the model system MAPbI3 are trans-
lated to the more complex (MA0.17FA0.83)Pb(I0.83Br0.17)3 compo-
sition, which is used in high-efficiency perovskite solar cells.4

3.1 Analyzing the film formation

The 2D heat maps for all MAPbI3 thin films processed via the
two spin coating approaches at 2000 and 1250 rpm are shown
in Fig. 3 (see Fig. S3 for heat maps of all spin speeds, ESI†). We
obtain the familiar optical signatures of perovskite formation
as discussed in detail previously.5 In brief, once the AS is
dispensed onto the substrate, the expected absorption edge
and the perovskite PL signature appear in the absorption
channel and the PL channel, respectively. For each spin speed
and processing approach we track the peak position of the
emerging perovskite PL signal. From this, we calculate the
crystallite size for each point in time. This is possible because
quantum confinement effects shift the PL peak energy of small
crystallites to higher energies compared to values for bulk
MAPbI3 (for details on the peak fitting and crystallite size
calculation see, eqn (S6) and (S7), ESI†).19,22,23 The obtained
crystallite sizes as a function of time are shown in the left panel
in Fig. 4a and b. The time t = 0 on the time axes marks the point
in time of the AS dispensing. We extract the growth rates for all
measurements from linear fits of the crystallite growth after
10 s, with resulting growth rates being shown in Fig. 4c. It is

Fig. 2 (a) Schematics of the origin of thin film interference pattern used to
calculate the film thickness. (b) Depiction of the real-time measurement of
solvent layer thickness using in situ absorption spectroscopy (lower left
panel). For every time frame (e.g., at the grey/orange dashed lines) a sine-
like function is fitted to the absorption data (upper panel) to calculate the
solvent layer thickness from the frequency o of the sine wave using
eqn (2). Once this thickness (right panel) decreases below a critical target
thickness, the antisolvent is dispensed by an automated syringe pump.
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obvious from the plot and the extracted growth rates that for
the reactive spin coating, we observe a similar growth rate of
perovskite crystallites regardless of the spin speed. In contrast,
the obtained growth rates of the samples processed by the time-
based method differ significantly between the different spin
speeds. For the time-based spin coating, we chose to dispense
the AS after spinning for 12 s at 2000 rpm when a precursor
solution layer thickness of 2 mm is reached. It is therefore
straightforward that the growth rate of the 2000 rpm time-
based sample is similar to the 2000 rpm reactive sample.
However, when reducing the spin speed in the time-based
approach, the growth rate first increases to 0.46 nm s�1 for a
spin speed of 1750 rpm and then decreases to 0.325 nm s�1 for
1500 rpm and further to 0.086 nm s�1 for 1250 rpm. Thus, the
evolution of the crystallite size already indicates that film
formation during the reactive spin coating proceeds in a very
similar way independent of the chosen spin speed. In contrast,
crystallite growth rates scatter much more when films are pro-
cessed using the conventional time-based spin coating method.

As expected, the initially observed distinct interference
pattern of the precursor solution layer in the absorption spectra
mostly vanishes as soon as the AS is dispensed, and an
absorption edge becomes visible at B1.7 eV (Fig. 4d and e).
This absorption edge is blue-shifted compared to MAPbI3 bulk
values of B1.6 eV,18 due to confinement of the forming perovskite
crystallites. Interestingly though, at a closer look, we can still
observe an interference pattern modulated on top of the signal of
the growing perovskite layer for all films processed via reactive
spin coating and for most films (2000, 1750, and 1500 rpm)
processed via time-based spin coating. For the reactive spin-

coated film (Fig. 4d), the interference pattern behaves similarly
to the interference pattern of the precursor solution layer, i.e. its
modulation frequency decreases with spin coating time. The
origin of this additional interference effect is most probably the
formation of an AS layer. The AS induces perovskite crystallization
and consequently, a perovskite capping layer forms on top of the
precursor solution layer. Therefore, excess AS cannot penetrate
this capping layer and remains as AS layer on top, causing the
observed spectral modulation e.g. between 1.11 und 1.80 s in
Fig. 4d (also see Fig. 4f for illustration). Subsequent spinning off
and evaporation of the AS layer then leads to the observed
decrease in modulation frequency with spin coating time.

The absence of this second interference pattern for the
1250 rpm time-based spin coating suggests that no ‘new’ two-
layer system (AS on top of perovskite capping layer) is formed,
i.e. the addition of AS was not sufficient to drive the precursor
solution into a thermodynamically state allowing for perovskite
crystallization.

Furthermore, the significantly more pronounced scattering
offset in the absorption spectra in Fig. 4e compared to Fig. 4d,
suggests a more inhomogeneous perovskite growth and mor-
phology of the final film processed at 1250 rpm in the time-
based approach.

3.2 Comparison of the final film properties

The observations and indications obtained from the data
during film formation are confirmed by the analysis of the
final films after annealing. As expected from the evolution of
crystallite size, the films prepared with reactive processing
show an almost identical film structure in cross-section

Fig. 3 Heat maps of photoluminescence (left) and absorption (right) measurements of MAPbI3 solutions during spin coating via the reactive spin coating
approach (a) and (b) and for the time-based approach (c) and (d) for spin speeds of 2000 and 1250 rpm.
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(Fig. 5a) and top view (Fig. S4, ESI†). The film thickness for
reactive spin coating is virtually identical for all spin speeds. In
contrast, time-based processed films show significant varia-
tion. Here, the film thickness is larger the smaller the spin
speed. In addition, the existing voids become larger with
decreasing spin speed. This confirms the observation during
film formation that perovskite first forms on the upper surface
of the solution film and then crystallizes downwards towards
the substrate. We conjecture that with slower spin speeds and
the time-based method, more and more solvent is trapped
below the perovskite surface layer, which fully evaporates
during the annealing step that follows the spin-coating. The
absorption spectra of the reactive spin-coated and the time-
based spin-coated series after annealing further substantiate
this conclusion: While all films prepared via the reactive spin
coating approach show a very similar absorption spectrum, a
variation of scattering offset is seen in the films processed via
the time-based method (Fig. S5, ESI†).

Both XRD (Fig. 5c and Fig. S6, ESI†) and top view SEM
images (Fig. S4, ESI†), as well as steady-state PL spectra (Fig. S5,
ESI†) and time-resolved PL (TRPL) curves (Fig. 5d), do not show
significant differences between the films prepared by the

different methods. This proves that on the length and time
scales sampled by PL and XRD, the grain size and the intrinsic
properties of the perovskite do not change due to our reactive
approach. Additionally, there is no evidence of residual PbI2

present in XRD pattern for all reactive spin-coated films,
indicating that the reactive spin coating method robustly yields
phase-pure films with uniform film thickness and quality
independent of spin speed, whereas small signals of unreacted
PbI2 are visible in the XRD pattern in the case of time-based
spin coating at spin speeds of 1500 rpm and 1250 rpm. There-
fore, we conclude that the reactive approach does not affect the
intrinsic morphological properties such as grain size and
shape, but our approach preserves these properties indepen-
dently of the spin speed throughout the perovskite layer.

In addition to the model system MAPbI3, we also investi-
gated if and how the reactive processing approach can be
transferred to more complex mixed compositions, such as
(MA0.17FA0.83)Pb(I0.83Br0.17)3. The corresponding in situ data and
detailed discussions of the measurements can be found in Section
3 in the ESI.† In brief, this mixed system indeed behaves similar to
the model system MAPbI3 so far discussed and the final films
obtained are comparable to the MAPbI3 layers. In particular, the

Fig. 4 Time evolution of the crystallite size for MAPbI3 films processed via reactive (a) and time-based (b) spin coating for different rpms, extracted from
the PL peak position considering quantum confinement. The time axis was shifted that t = 0 corresponds to the time of AS dispensing. (c) Calculated
crystallite growth rates for different spin speeds and processing methods, extracted by linear fitting of the evolution of crystallite size over time in (a) and
(b). OD spectra at different times during the processing of MAPbI3 films via reactive (d) and time-based (e) spin coating at 1250 rpm. In (d) for 1.11 s and
1.80 s a modulation of the perovskite absorption spectrum is visible. (f) Schematics of the origin of the observed second spectral modulation due to thin
film interference after dispensing the AS.
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SEM cross section images (see Fig. 6 and Fig. S10, ESI†) show that
also for the mixed (MA0.17FA0.83)Pb(I0.83Br0.17)3 composition, the
resulting perovskite layer morphology remains independent of the
spin speed for the reactive approach. In contrast, in the time-based
approach the perovskite layers exhibit increasingly bigger voids with
decreasing spin speed. These findings indicate that the reactive spin
coating approach is not only limited to a ternary halide perovskite
composition such as MAPbI3, but also transfers to more complex,
mixed compositions such as (MA0.17FA0.83)Pb(I0.83Br0.17)3.

4. Conclusion

In summary, the reactive spin coating approach presented here
allows to automatically dispense the AS when a certain parameter
value, such as precursor solution layer thickness, has been
reached, based on the live feedback from the real-time analysis
of the optical spectra during spin coating. As a result, films with
the same quality (crystallite size, microstructure, and film thick-
ness) could be produced, down to spin speeds as low as 1250 rpm
without any additional optimization steps for the model system
MAPbI3 as well as for the mixed (MA0.17FA0.83)Pb(I0.83Br0.17)3

composition.
To substantiate the advantages of our newly developed

method, we compared our new approach with a conventional
time-based method, in which the AS is dispensed after a fixed
time, leading to a clear variation in the crystallization behavior
and differences in the final film properties depending on the
spin speed. We emphasize that the reactive spin coating
technique is not limited to the precursor solution layer

Fig. 5 (a) SEM cross-section images of the MAPbI3 films fabricated via reactive spin coating approach at different spin speeds. (b) SEM cross-section
images of the MAPbI3 films fabricated via time-based spin coating approach at different spin speeds. (c) XRD peaks of the MAPbI3 films fabricated via
reactive (top) or time-based (bottom) spin coating approach at different spin speeds. (d) normalized TRPL curves of the MAPbI3 films fabricated via
reactive (top) or time-based (bottom) spin coating approach at different spin speeds.

Fig. 6 (a) SEM cross-section images of the (MA0.17FA0.83)Pb(I0.83Br0.17)3
films fabricated via reactive spin coating approach at 1250 rpm. (b) SEM
cross-section images of the (MA0.17FA0.83)Pb(I0.83Br0.17)3 films fabricated
via time-based spin coating approach at 1250 rpm.
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thickness as a parameter of interest, but it can also be easily
adapted to other parameters accessible by optical spectroscopy,
such as the various PbIx-related precursor absorption peaks
that change during spin-coating.

Additionally, our approach enables fundamental film for-
mation studies that rely on the variation of system- and
process-internal parameters during film formation (e.g. influ-
ence of the properties of PbIx species upon AS addition on the
perovskite crystallization process), without the need to rely on
variation of system- and/or process-external parameters (e.g.
variation of moment of AS dripping, or (external) variation of
precursor concentration). This likely will allow a more direct
and simplified understanding of the complicated relationship
between solution properties and final film properties of halide
perovskites.

Thus, our reactive spin coating approach will open up future
possibilities to simplify the transfer of recipes from one labora-
tory to the next by removing the influence of external effects,
such as atmosphere or the human factor, on the layer for-
mation as the processing is only based on system-internal
parameters. Eventually, our approach also represents a valuable
contribution for an in general improved process control in the
solution processing of halide perovskite thin films, making it
relevant for their successful upscaling and commercialization
in optoelectronic devices in the future.

Experimental details
Precursor solution

All materials were used as received. Lead(II) iodide (PbI2, 98%),
methylammonium iodide (MAI, 99%), formamidinium iodide
(FAI, 99%), lead bromide (PbBr, 99%) and methylammonium
bromide (MABr, 99%) were purchased from TCI. For MAPbI3

solutions, PbI2 and MAI were weighed in a stoichiometry of 1 : 1
and dissolved in DMF (Acros) to obtain stock solution with a
concentration of 1.2 M. For the (MA0.13FA0.83)Pb(I0.83Br0.17)3

solutions, PbI2, FAI, PbBr and MABr were weighed accordingly
to obtain a stoichiometry of (MA0.17FA0.83)Pb(I0.83Br0.17)3 and
the precursor were dissolved in DMF to obtain a concentration
of 1.2 M.

Thin film fabrication

The precursor solutions were spin coated on glass substrates at
various spin speeds as detailed in the main text. After the spin
coating step, the films were annealed on a hot plate at 100 1C
for 10 min.

In situ setup

All optical in situ data were recorded with a home-built setup. In
brief, photoluminescence and absorption were recorded alter-
nating frame-by-frame at a frame rate of 15 Hz. To ensure
reproducibility we recorded at least two coatings for each
sample, which turned out to be quasi-identical. Further details
are given in the ESI.†

XRD

The powder XRD pattern was recorded on a Bragg–Brentano-type
diffractometer (Empyrean, Malvern Panalytical BV, Netherlands)
equipped with a PIXcel-1D detector using Cu-Ka radiation (l =
1.5419 Å)

REM

The film morphology was characterized by SEM using a Zeiss
Leo 1530 instrument FE-SEM with Schottky-field-emission cath-
ode, In-lens detector, and SE2 detector. The accelerating voltage
was 3 kV. Prior to measurement, the samples were sputtered
with 2 nm platinum.

TRPL

For time-resolved photoluminescence curves, time-correlated
single-photon counting (TCSPC) measurements were performed
with a PicoQuant MT200 confocal fluorescence microscope in
combination with a PMA Hybrid PMT 40 photomultiplier tube
(PicoQuant) and a TimeHarp 260 Pico TCSPC board (PicoQuant).
The samples were excited with a 560 nm diode Laser (PicoQuant
LDH-D-TA-560) with a frequency of 2.0 MHz and a pulse width of
68 ps. The laser beam was focused on the sample with an
Olympus Objective with 4� magnification, and the emission
was filtered with a 561 nm long-pass filter before detection. The
excitation fluence was set to 300 nJ cm�2.
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Section 1: In-Situ Spin coater Setup and fitting details 

 

Figure S1: Photographs of the optical in situ spin coater setup used for the 

reactive spin coating approach, together with the connected syringe pump used 

for the antisolvent dispensing. 

The setup for measuring the in situ optical data during spin-coating is shown in figure 

S1. It consists of a custom-built spin-coater with a hole in the middle. Underneath the 

spin-coater a white-light LED is placed. Its light shines through the hole in the middle 

of the spin coater and serves as a white light source for transmission measurements. 

A laser diode (405 nm) in combination with focusing optics and a diaphragm are 

mounted above the spin-coater for exciting the sample for PL measurements. The 

circular area probed by our optical measurements during the spin coating has a 

diameter of 5 mm in the center of the substrate. White-light and excitation laser are 

turned on and off alternatingly, so that either transmission or PL is probed. Transmitted 

light and PL are collected with one optical fiber, which is coupled to the detection 

system. The detection system consists of a CCD camera, coupled to a spectrograph, 

and a home-built detection setup, which is described in detail in Supporting Reference 

1.1 In brief, the detection setup switches the optical path between transmission and PL 
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measurements, so that for PL measurements, the laser wavelength is blocked by a 

suitable filter. In contrast, for transmission measurements, the transmitted light is 

coupled into the spectrograph without additional filtering. The detection setup further 

synchronizes the CCD camera with the white-light LED, the laser and the optical path 

switching. Using this setup, we can record PL and transmission during spin-coating 

quasi-simultaneously (i.e., alternating frame by frame) with a rate of 15 Hz. From the 

transmission measurements, the optical density (OD) is calculated based on a 

reference measurement prior to spin-coating. The antisolvent is automatically 

dispensed via a syringe pump (Model 540060, TSE Systems) through a connected 

capillary and pipette tip. 
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Derivation of eq. (2) 

Given the following relation: 

𝑑 = 𝜆1𝜆22(𝜆1𝑛2−𝜆2𝑛1)           (S1) 

where d is the thickness of the film, λ1 and λ2 are the wavelengths of two consecutive 

extrema in the OD. n1 and n2 are the refractive indices of the sample at the respective 

wavelengths. Assuming that n is constant in the investigated spectral range and is 

given by the refractive index of dimethylformamide (nDMF) yields: 

𝑑 = 𝜆1𝜆22(𝜆1−𝜆2)𝑛𝐷𝑀𝐹           (S2) 

The frequency ω of the observed sine wave in units of energy is given by  

𝜔 = 2𝜋𝐸2−𝐸1            (S3) 

where E1 and E2 are the energetic positions of two consecutive extrema in the OD. 

Using the Planck constant h and speed of light c, one is able to rewrite the energy in 

terms of wavelength: 

𝜔 = 2𝜋ℎ𝑐𝜆2−ℎ𝑐𝜆1 = 2𝜋ℎ𝑐 𝜆1𝜆2𝜆1𝜆2𝜆2 −𝜆1𝜆2𝜆1 = 2𝜋ℎ𝑐 𝜆1𝜆2𝜆1−𝜆2         (S4) 

Inserting eq. (S4) into eq. (S2) yields: 

𝑑 = ℎ𝑐𝜔4𝜋 𝑛𝐷𝑀𝐹            (S5) 
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Section 2: MAPbI3 

 

Figure S2: a) Evolution of the solvent layer thickness (ocher), together with the 

evolution of the OD at 2.8 eV (grey) for the film spin coated at 2000 RPM. b) 

Evolution of the OD at 2.8 eV for all four spin speeds (top) and the respective 

first time-derivatives (bottom) c) Evolution of the solvent layer thickness for all 

four spin speeds. 
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5 s (see d/dt OD2.8 eV in Fig. S2b). The fast decrease of the OD at the start indicates a 

throw-off of precursor solution. Afterwards the OD stays constant and only the solvent 

layer thickness decreases. This suggests a mere evaporation of the solvent. Since the 

exact description of the thinning of film during spin coating is complex,2 we determined 

a rate constant as a measure for the thinning process of the solvent films due to 

evaporation for the different spin speeds by fitting the evolution of the solvent layer 

thickness with a mono-exponential decay. The resulting rate constants for all spin 

speed are summarized in table S1. 

Table S1: Evaporation rate constants extracted from mono-exponential fitting of 

the evolution of the solvent layer thickness for all spin speeds.  

Spin speed 

in RPM 
2000 1750 1500 1250 

 

rate constant 

in 1/s 

0.205 ± 0.003 0.176 ± 0.003 0.169 ± 0.014 0.147 ± 0.011 
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Figure S3: Heat maps of photoluminescence (PL), and absorption (OD) 

measurements of MAPbI3 solutions during spin coating via the reactive spin 

coating approach (a-d) and for the time-based approach (e-h) for the different 

spin speeds (RPM in white numbers). 

2000

1750

1500

1250

2000

1750

1500

1250

reactive time-based

a)

b)

c)

d)

e)

f)

g)

h)

PL absorption PL absorption

10. Reactive Spin Coating based on Real-Time In-Situ Feedback for Improved Control of Perovskite Thin Film Fabrication 87



S8 

PL Peak Extraction and Crystallite size calculation 

 

For fitting the PL spectra, we use an empirical line shape in the form of an asymmetric 

hyperbolic secant, that is 

𝐼(𝐸) = 𝐼0 2𝑒𝐸−𝐸0𝜎1  + 𝑒𝐸−𝐸0𝜎2          (S6) 

and extract the energy value of the maximum of this function for all recorded spectra 

over time. 

This extracted peak position of the perovskite PL spectrum is considerably higher than 

typical bulk PL peak energies of 1.6 eV3, which suggests the presence of a quantum 

confinement effect similar to a particle in a box approach. Considering this effect, the 

crystallite size d can be extracted from the energetic position of the PL peak via 

𝐸𝑃𝐿 = 𝐸𝑔 +  𝑏𝑑2 ,           (S7) 

where we set the MAPbI3 bulk band gap value Eg = 1.59 eV,4–6 and the constant b = 3 

eV nm2,7,8 based on literature values. 
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Figure S4: SEM top view images of the MAPbI3 films fabricated via reactive (left) 

or time-based (right) spin coating approach at different spin speeds. 

 

 

Figure S5: a) PL of MAPbI3 films processed via reactive spin coating method 

(left) or via time-based spin coating (right) after annealing. The data is 

normalized to the maximum. b) OD spectra of MAPbI3 films processed via 

reactive spin coating method (left) or via time-based spin coating (right) after 

annealing. 
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Figure S6: XRD patterns of the MAPbI3 films fabricated via reactive (a) or time-

based (b) spin coating approach at different spin speeds. 
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Section 3: (MA0.13FA0.83)Pb(I0.83Br0.17)3 

To investigate whether the reactive approach is also applicable to more complex mixed 

systems we also processed (MA0.13FA0.83)Pb(I0.83Br0.17)3 (1.2M in DMF) via the reactive 

and time-based approach. We kept the value of the parameter of interest at 2000 nm 

and the antisolvent (AS) was dispensed once this value was reached for this solvent 

layer thickness. Analogously to the MAPbI3 experiments, we also performed a set of 

coatings via the time-based approach where the AS was dispensed at a pre-set time. 

In the case of (MA0.13FA0.83)Pb(I0.83Br0.17)3, this time was set to 11 s after spin coating 

start motivated by the fact that for a spin speed of 2000 RPM a solvent layer thickness 

of 2000 nm was reached after a spin coating time of 11 s. 

Results and Discussion: 

The heat maps for the different spin speeds and spin coating approaches are displayed 

in Figure S7. The behavior of the film formation is very similar to the discussed behavior 

for MAPbI3 in the main text. As soon as the AS is dispensed the crystallization is 

induced and perovskite signatures (absorption edge and PL signal) are observed in 

the respective channels. Similar to the MAPbI3 set, we tracked the PL peak position to 

extract the crystallite size as a function of time and to calculate the crystallite growth 

rate. By closer inspection of the PL data however, we noticed that our model to extract 

the crystallite size that assumes one species contributing to the PL signal is not fully 

applicable to the mixed composition. As it can be seen in Fig. S8 there are at least two 

different emitting species (possibly iodine and bromine rich phases) present in the 

forming layer. The relative contribution of the signature at higher energies decreases 

with spin coating time. This can either be due to an improved halide mixing or a more 

efficient energy transfer from the high energy species to species at lower energies from 

which the emission then occurs.9 Therefore, we only extracted the energetic position 

of the PL signal maximum (see Fig. S9) for all spin speeds and the two processing 

approaches. However, to understand the film formation processes in detail, more 

investigations are needed, which will be focus of a follow-up investigation. 

The final film properties (SEM images in Fig. 10 and optical properties in Fig. 11) of 

the processed films after annealing suggest a similar conclusion to the one that could 

be drawn for the MAPbI3 experiments. The SEM images show that with decreasing 
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spin speed larger voids occur for the time-based approach. In contrast, for the reactive 

process, a similar perovskite layer is obtained independent of the spin speed. The 

optical characterizations reveal that – analogously to the MAPbI3 results – the surface 

sensitive PL is identical for all films, proving that also in the case of 

(MA0.13FA0.83)Pb(I0.83Br0.17)3 an identical top layer is formed for all films. In the OD 

spectra, agreeing with the MAPbI3 findings, we observe a slight increase in scattering 

for the films processed via the time-based approach at lower spin speeds, which fits to 

the observed voids in the perovskite layer. 

In conclusion, the results of the mixed composition (MA0.13FA0.83)Pb(I0.83Br0.17)3 show 

good agreement with those of the MAPbI3 experiments, discussed in the main text, 

demonstrating that the reactive spin coating approach is applicable for different 

perovskite compositions. 
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Figure S7: Heat maps of photoluminescence (PL), and absorption (OD) 

measurements of (MA0.13FA0.83)Pb(I0.83Br0.17)3 solutions during spin coating via 

the reactive spin coating approach (a-d) and for the time-based approach (e-h) 

for the different spin speeds (RPM in white numbers). 
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Figure S8: normalized PL spectra at different spin coating times for a 

(MA0.13FA0.83)Pb(I0.83Br0.17)3 film processed at 1750 RPM. The arrow indicates 

decrease of an additional PL feature at higher energies with increasing spin 

coating time. 

Figure S9: Time evolution of the energetic position of the maximum of the PL 

peak for (MA0.13FA0.83)Pb(I0.83Br0.17)3 films processed via reactive (a) and time-

based (b) spin coating for different RPMs. 
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Figure S10: a) SEM cross-section images of the (MA0.13FA0.83)Pb(I0.83Br0.17)3 films 

fabricated via reactive spin coating approach at different spin speeds. b) SEM 

cross-section images of the (MA0.13FA0.83)Pb(I0.83Br0.17)3 films fabricated via time-

based spin coating approach at different spin speeds. 

  

2000 RPM

1750 RPM

1500 RPM

1250 RPM

1µm

2000 RPM

1750 RPM

1500 RPM

1250 RPM

a) b)

reactive time-based

10. Reactive Spin Coating based on Real-Time In-Situ Feedback for Improved Control of Perovskite Thin Film Fabrication 95



S16 

 

 

Figure S11: a) PL of (MA0.13FA0.83)Pb(I0.83Br0.17)3 films processed via reactive spin 

coating method (left) or via time-based spin coating (right) after annealing. The 

data is normalized to the maximum. b) OD spectra of MAFA films processed via 

reactive spin coating method (left) or via time-based spin coating (right) after 

annealing. 
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First of Their Kind: Solar Cells with a Dry-Processed
Perovskite Absorber Layer via Powder Aerosol Deposition
and Hot-Pressing
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Philipp Ramming, Daniel Lukas, Konstantin Schötz, Frank-Julian Kahle, Chenhui Zhu,
Georg Papastavrou, Anna Köhler, Eva M. Herzig, Ralf Moos, and Fabian Panzer*

1. Introduction

Within the last decade, the rise of metal-
halide perovskites (MHP) as light absorber
in solar cells has been remarkable. Power
conversion efficiencies (PCEs) of up to
25.7%[1,2] and increasing device stabilities
of up to several thousand hours[3,4] cur-
rently push perovskite solar cells on the
verge to commercialization.

For high PCEs however, high-quality
MHP films are required. Most of such
high-quality perovskite films are currently
prepared either by solution-based process-
ing or evaporation methods.[2,4–6] Despite
their widespread application in perovskite
film fabrication, these approaches are still
facing limitations.

One inherent limitation of solution-
based and evaporation methods is the
intrinsic coupling between perovskite syn-
thesis and film formation, rendering the
morphology and final optoelectronic func-
tionality of perovskite films to be extremely
sensitive to the precise processing
conditions.[7–10] Moreover, a second draw-

back of solution-based processing is the need for toxic solvents
such as dimethylfluorene (DMF)[11,12] to prepare the precursor
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stock solutions. Replacing these toxic solvents was already sub-
ject of several studies with the aim to find greener alternatives for
perovskite stock solutions.[13–16]

An attractive film-processing approach, which does not rely on
solvents and that decouples the perovskite synthesis and film for-
mation, is the dry processing of already synthesized MHP pow-
ders via powder aerosol deposition (PAD).[17–19] Here, an aerosol
is generated from powder and accelerated onto a substrate, where
the powder particles break up and form a dense film. PAD is well
established for a variety of different ceramic materials, like
technical ceramics,[20–23] and ceramics for sensing and energy
applications.[24] First commercial applications of PAD are already
tested.[25]

Using a basic PAD setup, we showed in a previous work that
thin films of MHPs such as the model perovskite methylammo-
nium lead iodide (MAPbI3) can be produced via PAD.[26] Yet,
clear improvements in film morphology (compactness, surface
roughness) were still required to realize film properties suitable
for applications in optoelectronic thin film devices, such as
perovskite solar cells.

In the past, it was demonstrated that the compactness and
surface roughness of MHP can be improved by pressure
treatment.[27–30] In addition, it became clear that performing
the pressure treatment under elevated temperature not only
further improved the surface roughness and the compact-
ness, but even led to enlarged grain sizes, which is known
to be beneficial regarding the MHP’s optoelectronic
functionality.[31–34]

Here, we present sophisticated technical developments in the
PAD process that enable the deposition of thin (�1 μm), yet
dense MAPbI3 films. In addition, we successfully employ pres-
sure treatment of the optimized PAD films to further improve
morphology and optoelectronic properties.

With these improvements, we demonstrate the first
realization of pressed and unpressed PAD-processed MAPbI3
thin films in a solar cell configuration, resulting in fully working
devices with PCEs of >6%. We highlight in detail the challenges
that remain and discuss approaches to tackle the current limita-
tions to manufacture highly efficient solar cells in the future
based on the here presented novel perovskite-processing
method.

2. Process Development toward Dry-Processed
Perovskite Absorber Layers Suitable for the Use
in PSCs

2.1. PSC Fabrication Concept

The fabrication process of our perovskite solar cells with a
completely dry, powder-based perovskite-processing approach
is presented in Figure 1. First, we synthesize MAPbI3 powder
mechanochemically via ball milling (details in previous
work[35,36]), and use this powder in a dry PAD process.

A PAD system consists of three main components: 1) a
vacuum pump for generating a rough vacuum with an absolute
pressure in the range of 1mbar, 2) a deposition chamber in
which the substrate is mounted on a movable substrate holder,
and 3) an aerosol generating unit (Figure S1, Supporting
Information). In the latter, a powder aerosol is generated from
the dry mechanochemically synthesized powder by passing a
carrier gas such as N2, O2, or He, for example, through a powder
bed located on a porous tray in a glass flask.

The powder aerosol is transported from the aerosol generating
unit to the evacuated deposition chamber due to the pressure
difference between both components. In the deposition cham-
ber, the powder aerosol is further accelerated through a nozzle
to velocities between 100 and 600m s�1 and directed onto a
glass substrate coated with indium tin oxide (ITO) as transparent
electrode and SnO2 as electron-transport layer (ETL).

Upon impact on the substrate, the powder particles in the
aerosol deform, break up, and adhere to the substrate.
Subsequently impacting particles increase the film thickness,
further fragment previously deposited particles and densify
the film. This mechanism is called room-temperature impact
consolidation (RTIC).[37] The MAPbI3 films, deposited via
the PAD approach (further referred to as pristine films), are
dense, fully covering the substrate (Figure S11, Supporting
Information). To reduce the surface roughness and further
improve the film quality of the pristine MAPbI3 PAD films,
we applied hot-pressing as an optional posttreatment step before
spin-coating 2,2 0,7,7 0-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9 0-spirobifluorene (spiro-MeOTAD) as hole-transport layer
(HTL) onto the MAPbI3 film and thermally evaporating gold
as top electrode to complete the solar cells.

pristine PAD
film pressed filmperovskite 

powder
hot-

pressing complete device

spiro-MeOTAD
gold

dry powder 
aerosol 

deposition

ITO+SnO2 optional
post-treatment

Figure 1. Fabrication concept for a solar cell with a perovskite absorber layer processed via the powder aerosol deposition (PAD) method and optional
subsequent hot-pressing.
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In the following, we first describe the key improvements in the
PAD process that allow for successful fabrication of compact
perovskite films with thicknesses in the range of �1 μm
(Section 2.2.). Then, we outline relevant aspects in the hot-
pressing step of the PAD perovskite films (Section 2.3) and
discuss the properties of the fully dry-processed powder-based
perovskite solar cells in Section 3.

2.2. Key Improvements in the PAD Process

In general, the powder particle size and the presence of agglom-
erates consisting of those powder particles are decisive for the
film formation during PAD. Desired particle sizes are typically
in the range between 200 nm to 5 μm.[38] Due to their low mass,
smaller particles exhibit low kinetic energy and inertia so that
they either do not reach the substrate or bounce off the substrate
upon impact. In contrast, too high kinetic energy of larger
particles can result in abrasion of the substrate, similar to
sandblasting.[38]

The presence of large agglomerates in the PAD process is also
detrimental to the film properties, as a large fraction of their
kinetic energy is used to break up the initially large agglomerates
into smaller agglomerates and individual powder particles when
impacting the substrate. Thus, less energy is available for
deforming and fracturing the individual particles as necessary
for densification of the film via RTIC.[38] As a result, porous films
with voids (pinholes through the whole film thickness) and bad
contact to the substrate (Figure S2, Supporting Information) are
deposited. Thus, the aerosol generation, that is, especially the
reduction of the number of agglomerates within the powder
aerosol, is a key to allow for PAD-deposited MAPbI3 thin films
suitable for solar cells.

Our mechanochemically synthesized powder used for PAD is
phase pure und consists of 30–50 μm large agglomerates of pow-
der particles in the 1 μm range (Figure S3 and S4, Supporting
Information). While the powder particle size is well suitable
for PAD, size and number of agglomerates impacting on the
substrate have to be reduced to obtain high-quality PAD films.
To fragment the agglomerates before they reach the substrate,
we implemented an ejector unit after the aerosol flask.
The ejector consists of 1) a horizontal tube, whose cross section

narrows at a throat and expands afterward and 2) a second tube,
that enters the first tube perpendicular in the expansion zone
(Figure 2a).

The ejector unit serves two beneficial purposes. First, strong
shear forces are present when V̇acc(gas flow for acceleration of
aerosol) and V̇ flask (gas flow of carrier gas for aerosol generation
in the flask) are merging perpendicular to each other after the
throat in the ejector unit. In addition, agglomerates accelerate
upon entering the gas flow V̇ total (Figure 2a). Both effects contrib-
ute to break up agglomerates within the aerosol.[39] The second
advantage of the ejector is the possibility to independently control
V̇ flask and V̇acc. This allows to apply a low V̇ flask, and thus to
reduce the overall MAPbI3 aerosol concentration significantly.
Consequently, while more passes, that is, a higher number of
movements of the substrate over the nozzle, are necessary to
realize a certain film thickness, fluctuations in the aerosol con-
centration are much better compensated, compared to a PAD
setup without ejector unit. This eventually allows for
producing PAD films with more homogeneous film coverage.
In passing, we note that replacing the ejector with a simple
tee to reduce the complexity of the setup does not result in
satisfying film quality (Figure S5, Supporting Information).

Figure 2b, top panel, shows a scanning electron microscope
(SEM) image of a MAPbI3 PAD film deposited using the ejector.
The film is compact with only small pores and has an overall
good contact to the bottom layer. Yet, even with the ejector,
the MAPbI3 PAD films still exhibit voids (Figure 2b top). In addi-
tion, the film area deposited from the middle of the 10mm slit
nozzle is thicker compared to the area from the edges of the noz-
zle. This inhomogeneity in film thickness indicates that agglom-
erates are still present in the aerosol, most likely in the center of
the aerosol jet hitting the substrate. An explanation of this obser-
vation is that agglomerates do not follow the gas flow due to their
large inertia when the circular cross section of the tube leading
the gas flow to the nozzle changes from a diameter of 4 mm to a
slit orifice of 10mm� 0.5 mm of the nozzle.

To finally remove these persisting agglomerates from the aero-
sol, we employed an inertial separator unit, consisting of a tee
and a tube between the ejector and slit nozzle (Figure 2a).
In the inertial separator, the aerosol jet coming from the ejector
is deflected by 90° and directed to the slit nozzle. Consequently,

0

0.2

1

1.5

( seulav etu losba
m

)

thickness Ra

(a) (c)to deposition 
chamber

inertial
separator

ejector

collecting 
tube

aerosol
flask

(b)

1μmejector + separator

ejector 1μm

Figure 2. a) Concept of the improved aerosol generation employing an ejector unit and inertial separator. b) Scanning electron microscope (SEM)
cross-section images of PAD films deposited with ejector (top) and with ejector and inertial separator (bottom). c) Resulting thickness and surface
roughness Ra of the optimized pristine PAD films deposited with ejector and inertial separator.
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only smaller agglomerates and particles in the aerosol jet can fol-
low the gas flow to the nozzle, while larger agglomerates end up
in the collecting tube due to their larger inertia.

In passing, we mention that in addition to these technical
improvements addressing the agglomerates issue, we also inte-
grated a smaller flask with a diameter of 3 cm in the aerosol gen-
eration unit allowing to use low powder quantities (<1 g) to
further reduce the aerosol concentration and increase the general
process control.

By these setup improvements, we obtain dense and void-free
MAPbI3 films (Figure 2b bottom) with mean thickness of
(1.0� 0.1) μm and reasonable arithmetic mean roughness Ra
of (0.25� 0.03) μm (Figure 2c, for details about chosen PAD pro-
cess parameters, see Section S1, Supporting Information). Thus,
the modified aerosol generation with ejector and inertial separa-
tor allows to deposit 1 μm thick MAPbI3 films from highly
agglomerated powders with, considering the field of PAD, high
reproducibility.

2.3. Posttreatment via Hot-Pressing

Pressing at elevated temperature has emerged as powerful
technique to improve MAPbI3 film properties, that is, film
morphology, optoelectronic properties, as well as related solar
cell efficiencies.[31–34,40–42] In particular, a higher pressure–
temperature combination is known to result in stronger improve-
ments of MAPbI3 film morphology and optoelectronic
properties.[27,28,31–33,40,41,43] To further improve the perovskite
film quality of the pristine PAD films, we therefore applied an
additional hot-pressing posttreatment step.

First, we explored the possibility to employ press die materials
commonly used for pressing MHP films. While silicon wafers
and PTFE sheets were often used in the past,[31,33,34,40–45] their
form stability is limited to pressures below 15MPa in single
action pressing.[31,34,40,41,44] To achieve clear improvements upon
pressure treatment of our PAD films, we aimed for a pressure of
25MPa, rendering silicon wafers and PTFE sheets unsuited for
our approach. Polyimide foil exhibits high form stability under
mechanical and thermal stress,[46] and was already used as press
die material for the fabrication of MHP films with promising

optoelectronic properties in the past.[47,48] We examined polyi-
mide foil as press die material in our press setup but observed
that after pressing the polyimide foil exhibited significant wear
and the PAD film tended to stick to the polyimide foil (for
detailed discussion, see Figure S6, Supporting Information).

Due to these issues, we explored the possibility to use glass
blocks (thickness: 8 mm, roughness: 2 nm) as press die material,
covered with a silanization coating (trichloro(octadecyl)silane in
toluene from liquid phase) to prevent the glass blocks from stick-
ing to the perovskite film. Using the silanized glass blocks, our
PAD films can be pressed reliably and without breakage of glass
substrates and glass blocks employing up to 25MPa at 120 °C for
5min. For our experiments, we thus choose this set of process
parameters, as it is known that increased temperature and pres-
sure are beneficial for improving the morphology and
optoelectronic properties when pressing halide perovskite
films[27,28,31–33,40,41,43] (also see Figure S7, Supporting
Information, and previous work[28] for details on press setup
and protocol).

Applying this pressing procedure to the pristine PAD films,
which appear matt black before pressing, we obtain shiny gray
films after the pressing step (Figure 3b left). This change in
optical appearance already indicates a reduction in surface rough-
ness, which is further evidenced from the comparison of
top-view SEM images of a pressed film and a pristine film
(Figure 3b right). We quantified the mean Ra value of the pressed
films to be 18 nm, compared to 250 nm of the pristine films, con-
firming a reduction in surface roughness by >92% upon press-
ing (Figure 3c). Additionally, pressing the PAD films with
25MPa at 120 °C reduced the film thickness by about 37%
(Figure 3c), indicating an increased compaction of the pressed
MAPbI3 films. More details on the changes of morphology
and optoelectronic properties of pristine and pressed MAPbI3
films are discussed in Section 4.2.

In summary, by employing the previously described key devel-
opments in the PAD process, in combination with an optional
hot-pressing step of the pristine PAD perovskite films, we
demonstrated the successful production of phase pure and dense
polycrystalline MAPbI3 thin films that meet the film require-
ments for the use in functional perovskite solar cells.

Figure 3. a) Sketch of hot-pressing a PAD film. b) Photographs (left) and top-view SEM images (right) of pristine (top) and pressed (bottom) MAPbI3
PAD films. c) Reduction of thickness and surface roughness (Ra) of PAD films due to pressing (see Figure S8, Supporting Information, for absolute
values).
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3. Solar Cells

Based on the described process improvements and following the
concept in Figure 1, we manufactured two types of complete
solar cell stacks. One type uses a pristine PAD film as the
absorber layer (hereafter referred to as “pristine” devices), while
for the other type, we posttreated the PAD absorber layer via hot-
pressing (referred to as “pressed” devices).

Figure 4a shows cross-section SEM images of the resulting
n–i–p solar cell stacks with pristine (left) and pressed (right)
MAPbI3 film. To allow for a systematic comparison of the mor-
phology before and after pressing, we choose devices with similar
thickness. From Figure 4a, the glass substrate covered with ITO
electrode (grey), the SnO2 ETL (purple), the perovskite film
(brown), the spiro-MeOTAD HTL (green), and the gold top
electrode can be distinguished.

Exemplary current density–voltage ( J–V ) curves for each solar
cell type are plotted in Figure 4b. Both, the pristine and the
pressed devices exhibit a diode-like dark current characteristic
(rectangles). Under AM1.5G illumination, the J–V curves
measured in reverse direction (colored circles) exhibit photovol-
taic behavior for both the pristine and the pressed devices.
Considering the J–V curves measured in forward direction

(grey circles), both types of devices show a pronounced
hysteresis.

The solar cell metrics determined from the reverse measure-
ment direction for 12 devices each are shown in Figure 3c for the
pristine (red) and pressed (blue) absorber layer. These metrics
were measured after storing the devices in dry ambient condi-
tions in the lab for 9 weeks, where the metrics were stable
and even slightly improved compared to the metrics measured
24 h after the fabrication (see Figure S9, Table S1 and S2,
Supporting Information, for comparison between metrics deter-
mined 24 h and 9 weeks after fabrication including forward
direction, for the operational stability, see Figure S10,
Supporting Information). The mean open-circuit voltage (VOC)
for the pristine absorber layer is (0.90� 0.11) V, while the
pressed devices exhibit an increased mean VOC of
(0.95� 0.04) V. The mean short-circuit current density ( Jsc) also
increases upon pressing from (7.2� 3.1) mA cm�2 for the pris-
tine devices to (7.6� 2.7) mA cm�2 for the pressed devices.
Similarly, the fill factor (FF) yields mean values of (52� 9)%
and (56� 6)% for the pristine and pressed absorber layers,
respectively. Overall, the resulting average PCE for the pristine
absorber layer of (3.5� 1.8)% improves to a PCE of (4.1� 1.8)%
for the pressed absorber layer, where the champion devices of

Figure 4. a) SEM cross-section images and b) current density–voltage ( J–V ) curves of a MAPbI3 solar cell with a pristine (left) and with a pressed (right)
PAD-processed absorber layer. c) Batch statistics (reverse direction) of solar cells fabricated with a pristine (red) and with a pressed (blue) absorber layer.
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both types show an efficiency of>6% (see Table 1 for a summary
of the device metrics extracted from the reverse direction).
Evidently, the additional pressing as posttreatment step results
in a clearly increased number of devices with an efficiency of
more than 6%.

Comparing these results with MAPbI3 n–i–p solar cells that
are solution-processed under ambient conditions with typical
PCE values in the range of �15%,[49–53] it becomes clear that
the VOC values are in good agreement with literature values
(0.85–1.10 V). While the FF values are at the lower end of the
reported range (55%–75%), the obtained Jsc values are clearly
below the literature values of around 21mA cm�2. Thus, the
low Jsc values of our PAD-processed perovskite solar cells are
the main limiting factor for the clearly lower PCE compared
to corresponding solution-processed PSCs.

To better understand the origins of the losses and limitations
in our PSCs with dry-processed MAPbI3 film, in the following,
we systematically investigate the device stack layer by layer, also
deriving perspectives for strategies to optimize the PCE.

4. Detailed Evaluation of the Solar Cell Stack

4.1. SnO2 Layer

First, we investigate the SnO2 layer, acting as the ETL. To ensure
proper electrical contact between the ETL and the MAPbI3 film,
sufficient physical contact and adhesion between both are man-
datory. The physical contact is confirmed in the cross-section
SEM image in Figure 5a. By scotch tape tests, we observe that
the pristine MAPbI3 film remains on the ETL after repeated
applying and peeling off of a stripe of tape (Figure S11,
Supporting Information), confirming good mechanical adhesion
between ETL and perovskite film. On the peeled-off tape, only a
marginal amount of MAPbI3 powder is visible (Figure S11,
Supporting Information), which stems from loose and uncom-
pressed powder particles remaining on top of the film after PAD.

The ETL layer is subject to high mechanical and thermal stress
during MAPbI3 film deposition via PAD and pressing at elevated
temperatures. During the deposition of the MAPbI3 film via
PAD, the accelerated perovskite powder particles impact on
the ETL and potentially affect its electrical and optical properties.
Similarly, the combination of pressure and temperature during
hot-pressing may also alter the ETL properties.

To identify such potential changes in ETL properties, we car-
ried out morphology characterizations and conductive atomic
force microscopy (cAFM) for four different samples: 1) a native
SnO2 layer serving as reference, 2) a SnO2 layer after removing a
solution-processed MAPbI3 film, 3) a SnO2 layer after removing
a pristine MAPbI3 PAD film, and 4) a SnO2 layer after removing a

Table 1. Summary of solar cell metrics (mean values; individual champion
values in brackets) for MAPbI3 solar cells with pristine and with pressed
PAD-processed absorber layer as extracted from reverse direction.

Type Voc [V] Jsc [mA cm�2] FF [%] PCE [%]

Pristine 0.90� 0.11 (0.96) 7.2� 3.1 (13.9) 52� 9 (49.5) 3.5� 1.8 (6.6)

Pressed 0.95� 0.04 (0.98) 7.6� 2.7 (11.2) 56� 6 (56.5) 4.1� 1.8 (6.2)

(a) (c)

(d)

200 nm

perovskite

SnO2

ITO

1 2

3 4

-1 0 1 2 3

0

0.5

1.0

1.5

)An(tnerruc

sample potential (V)

ITO native solution  PAD 
 PAD+pressed

140

160

180

200

220

240

E
U

Ve
m/

native

solution

PAD

PAD+pressed

(b)

Figure 5. a) Cross-section SEM image of MAPbI3 PAD film on indium tin oxide (ITO)/SnO2. b) Urbach energy EU of 1) a native SnO2 layer serving as
reference, 2) SnO2 layer after removing a solution-processed MAPbI3 film, 3) SnO2 layer after removing a pristine MAPbI3 PAD film, and 4) SnO2 layer
after removing a pressed MAPbI3 PAD film. c) Conductive atomic force microscopy (cAFM) measurements at 2.5 V for the samples in (b). d) Current–
voltage (I–V ) characteristics for the samples in (c), averaged over the whole investigated area. For comparison, the I–V curve of an ITO layer is also
shown.
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pressed MAPbI3 PAD film. The MAPbI3 films were removed by
dissolving them in dimethyl sulfoxide (DMSO).

First, we address possible changes in morphology and layer
properties, where a reduction of the SnO2 layer thickness or a
fractioning of the grains within the layer might occur due to
the PAD process. Here, height profiles of the four SnO2 samples
suggest that the SnO2 layer thickness does not reduce due to the
PAD process (see Figure S12, Supporting Information).
Furthermore, no morphological changes between samples (1)
and (4) are observed in atomic force microscopy (AFM) images
(Figure S13, Supporting Information), suggesting that no lateral
fractioning of the SnO2 grains in the layer occurs.

In contrast to the morphology, the electrical properties of the
ETL clearly change after the PAD deposition and pressing, as
evident from cAFM measurements. At an applied potential of
2.5 V, the cAFM images (Figure 5c) show a decreased current
for samples (3) and (4), compared to samples (1) and (2). This
decreased current at 2.5 V is also reflected in corresponding
I–V curves between �1 and 3 V (Figure 5d), where the current
is averaged over the whole sampled areas in Figure 5c. Here, for
samples (1) and (2), the onset potential is 1.4 V, compared to
�2.0 V for samples (3) and (4), where also the steepness of
the current rise appears lower compared to the corresponding
steepness of samples (1)þ (2). The latter observation suggests
a lower electric conductivity in the ETLs that exhibited a prior
PAD MAPbI3 processing.

To better understand the origin of the decreased electrical con-
ductivity of the PAD-treated SnO2 layers, we conducted optical
absorption measurements of all four SnO2 samples in an inte-
grating sphere, with a focus on investigating their Urbach
absorption edge (Figure S14, Supporting Information). From
the latter, we extract the so-called Urbach energy, a measure
for the degree of energetic disorder within the investigated mate-
rial.[54,55] Our analysis suggests that samples (3) þ (4) exhibit EU
values in the range of �210meV, compared to EU values in the
range of 160–180meV for samples (1)þ (2) (Figure 5b), indicat-
ing that indeed the PAD processing increases the energetic dis-
order and thus also the defect density of the SnO2 ETL layer.

Here, increased disorder and defect density could result from
the harsh impact of the MAPbI3 powder particles and agglomer-
ates on the SnO2, where high mechanical stress might foster the
formation of defects. Another aspect that could explain the
increased disorder values for samples (3)þ (4) is the incorpo-
ration of MAPbI3 constituents into the SnO2 layer. To investigate
the latter aspect in more detail, we performed X-ray photoelectron
spectroscopy (XPS) survey scans of all four samples, showing that
lead species (signals at 138/143 and 414/436 eV) are present in
samples (2)–(4) even after thorough removal of MAPbI3 with
DMSO (Figure S15, Supporting Information).[56,57] Here the
Pb-concentration in samples (3)þ (4) is �3–4 at%, twice as high
as in sample (2). Interestingly, in all four samples we do not detect
any iodine signals (619/631 eV).[56] This emphasizes that no iodo-
plumbate residuals are present on the SnO2 layer, but rather
metallic lead remains in the SnO2 layer.

The incorporation of various materials such as Sb, Cr, or
Nb2O5 into SnO2 is known to lead to increased EU (i.e., energetic
disorder), and to a shift of the onset potential toward higher
values,[58–60] fully in line with the findings from Figure 5.
Thus, we conclude that the incorporation of Pb into the SnO2

layers that exhibited a PAD-process contributes to the observed
reduced conductivity and increased onset potential.

It is also clear that the increase in disorder is at first closely
linked to the PAD process method. However, this issue could
be addressed in the future, e.g., with the help of defect-chemical
approaches, where, for example, Ru- or Sb-doped SnO2 could be
used to compensate for the presence of the Pb-induced
defects.[61,62]

To counteract a possible mechanically induced increase in dis-
order, the use of SnO2 layers with a more robust morphology and
potentially higher mechanical hardness appears promising. For
example, it was shown that SnO2 layers prepared by an e-beam
process show remarkably compact morphologies and that
sputtered SnO2 layers, in contrast to other preparation
methods, show higher hardness values of up to 14 GPa.[63]

Furthermore, it could be demonstrated that SnON coatings
resulting from the incorporation of nitrogen into SnO2 can
exhibit hardness values of up to 23 GPa while maintaining excel-
lent electrical properties.[64]

These examples underline that, by choosing a suitable prepa-
rationmethod and introducing additional constituents, it appears
possible to produce mechanically more robust and defect-
chemically optimized SnO2 layers that still feature desired
electrical properties even after the harsh mechanical treatment
during perovskite powder deposition by PAD.

4.2. Dry-Processed MAPbI3 Absorber Layer

Next, we investigate the film properties of our pristine and
pressed MAPbI3 thin films.

We first addressed whether our anti-sticking silanization
coating (molecular formula: C18H37Cl3Si) is transferred to our
MAPbI3 films upon pressing. Figure 6a shows an XPS spectrum
of a pressed perovskite film, where only peaks corresponding to
MAPbI3 constituents and in particular no signatures of Si are
visible.[56,65,66] Thus, we conclude that no significant amount
of silane is transferred to the perovskite film during our pressing
process.

Concerning the morphology of both types of MAPbI3 films,
deposited with our modified PAD setup, corresponding cross-
section SEM images show that the pristine film is dense and void
free, with a surface roughness in the range of Ra� 200 nm
(Figure 4a left). The films exhibit a thickness of about 1 μm.
While the perovskite film thickness of highly efficient solar cells
often is below 1 μm, it was shown that a PCE of 20% can be
achieved using MAPbI3 films with thickness of about 1 μm, if
the grain size is large thus the number of grain boundaries in
vertical direction is low.[67] Cross-sectional SEM images of the
pressed film demonstrate that hot-pressing increases the grain
size, narrows grain boundaries, reduces surface roughness,
and diminishes the number of pores (Figure 4a, right), indicat-
ing morphology improvements toward better PCE. These mor-
phology improvements are fully consistent with the insights
gained in Section 2.2 and 2.3., and can be associated to stem from
a sintering effect occurring during hot-pressing.[27,68] From XPS
measurements in a previous work, it is known that hot-pressing
induces small amount of PbI2 at the MAPbI3 film surface.[28]

However, in Figure S18, Supporting Information, the XRD
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spectra show only a negligible amount of PbI2 for the pressed
film, that is, all MAPbI3 films are considered to be essentially
phase pure.

To characterize the crystallographic orientation of the pristine
and pressed MAPbI3 films, we performed grazing incidence
wide-angle X-ray scattering (GIWAXS). The corresponding 2D
GIWAXS patterns of a pristine and a pressed MAPbI3 film
(Figure S16, Supporting Information) were examined using a
χ analysis, that is, a reciprocal space analysis as a function of
direction, on the (110) & (002) double peak (Figure 6b).
Therefore, a semicircular cut over the full peak width of the
(110) & (002) double peak was extracted (details in Figure
S16, Supporting Information). Hereby, 90° corresponds to the
direction along qr (in-plane of the sample) and 0° corresponds
to the direction along qz (out-of-plane of the sample). The inten-
sity distribution along the χ arc of the pristine film (red line in
Figure 6b) shows a random (isotropic) orientation of the crystal-
lites. In contrast, the intensity along χ deviates from the isotropic
distribution for the pressed film (blue line in Figure 6b), indicat-
ing a preferred orientation particularly in qz-direction (planes
parallel to sample surface) due to hot-pressing.

A single pixel analysis within the χ arc (details in Figure S16
and S17, Supporting Information) indicates an overall increased

number of large crystallites in the pressed film, consistent with
XRD patterns measured in Bragg–Brentano geometry of pristine
and pressed PAD-processed MAPbI3 films (Figure S18,
Supporting Information). Here, a smaller reflex width is found
for a pressed film compared to a pristine film, again suggesting
larger crystallite sizes in the pressed film. Moreover, the XRD
patterns provide information about the crystallographic orienta-
tion in out-of-plane direction, where a random orientation is
found in pristine films, changing to a (110) & (020)-preferred
orientation upon pressing.

To further understand the impact of hot-pressing on the lattice
parameters, we examine deformations of the unit cell by analyz-
ing the GIWAXS data along different directions. The (110) and
the (002) plane show the strongest changes as a function of direc-
tion. Depending on whether the interplanar distance d is exam-
ined parallel to the substrate (Figure S19 left, Supporting
Information) or perpendicular to the substrate (Figure S19 right,
Supporting Information), the separation increases or decreases
upon hot-pressing. The shift of the (002) lattice spacing to
smaller values along qz in combination with the shift of the
(110) spacing to larger values along qr indicates the compression
of the standing unit cell along the c-axis and its elongation along
the a-axis (Figure 6c). Analogously, the change of the (002)
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Figure 6. a) XPS spectrum of a MAPbI3 PAD film after pressing. b) Oriented fraction of the (110) and (002) double peak as a function of χ for a pristine
(red) and pressed (blue) MAPbI3 film determined by grazing incidence wide-angle X-ray scattering (GIWAXS). c) Sketch of unit cell deformation due to
hot-pressing as indicated by GIWAXS. d) Absorption spectra of a pristine and pressed MAPbI3 film on glass as measured (dotted) and offset corrected
(line). The Urbach energy EU is extracted from an exponential fit for each sample. e) Time-resolved photoluminescence of a pristine and pressed MAPbI3
film on glass, together with a mono-exponential fit.
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spacing to larger values along qr, in combination with the shift of
the (110) spacing to smaller values along qz, indicates the com-
pression of lying unit cells along the a-axis and their elongation
along the c-axis (sketch in Figure 6c). Thus, the unit cells are flat-
tened by pressing.

Overall, the analysis of the GIWAXS and XRD measurements
suggest a compression of standing and lying MAPbI3 unit cells,
as well as an increase in (110)- and (020)-preferred orientation
parallel to the substrate by hot-pressing. Such an increase in
preferred orientation is known to correlate with improved
excited-state properties.[28]

Thus, in the following, we analyze how the identifiedmorphol-
ogy differences between the pristine and pressed MAPbI3 films
are reflected in their optoelectronic properties. Figure 6d shows
the optical absorption spectra of a pristine (red dotted line) and
pressed (blue dotted line) MAPbI3 film on glass with the typical
absorption edge around 1.59 eV.[69,70] The absorption intensity
for photon energies below the absorption edge is due to optical
scattering, which we find to be strongly reduced for the pressed
film compared to the pristine film. This indicates a more uni-
form morphology of the pressed film, in line with the previously
identified higher compaction after hot-pressing. The Urbach
energy, EU, extracted from exponential fits to the offset corrected
spectra, clearly reduces from (24.3� 0.2 )meV for the pristine
film to (15.5� 0.2 )meV for the pressed film (see also Figure
S20, Supporting Information), where the latter EU value is in line
with typical Urbach energies of solution-processed MAPbI3
films.[55,71,72] The reduction of the Urbach energy upon pressing
suggests less energetic disorder and a reduction in associated
defect density in the pressed film.[73–75]

To examine differences in defect density between the PAD-
processed films in more detail, we measured time-resolved pho-
toluminescence (TRPL) decay curves after laser excitation
(Figure 6e). Here, we considered pristine (red squares) and
pressed (blue dots) MAPbI3 films deposited on glass to exclude
any impact of charge recombination processes at the perov-
skite/ETL interface. Compared to the pristine film, the pressed
film shows a slower decrease of the TRPL intensity at times longer
than 200 ns. By fitting the tail of the TRPL curves after 400 ns with
a mono-exponential function (lines in Figure 6e), we extracted the
defect-associated nonradiative decay rates k1 according to

PLðtÞ ∝ A1 � expð�2� k1 � tÞ (1)

By doing so, we find k1 values of (10.1� 0.3)� 105 and
(6.5� 0.6)� 105 s�1 for the pristine and the pressed film, respec-
tively. Thus, our films exhibit k1 values similar to typical values of
solution-processed MAPbI3 films.[76,77] The decrease in defect-
associated decay rate upon pressing transfers to an increase in
charge-carrier lifetime from (493� 15) ns for the pristine film
to (768� 66) ns for the pressed film, indicating less defects being
present in pressed films.

Overall, our characterizations of the pristine and pressed
PAD-processed MAPbI3 films prove that they exhibit suitable
morphology and optoelectronic properties for solar cell applica-
tion, in particular when the films are posttreated by pressing.

4.3. Perovskite-Transport Layer Interfaces

Having verified the satisfactory optoelectronic and morphologi-
cal properties of the PAD-processed MAPbI3 films, we finally
evaluate the interface between the perovskite film and both
charge-transport layers (ETL and HTL).

By light-intensity-dependent J–V measurements and corre-
sponding analysis of the solar cell metrics, Glowienka et al. in
detail investigated the electrical functionality of the perovskite/
ETL and perovskite/HTL interfaces. Together with drift-diffusion
modeling, they succeeded in pinpointing the dominating
performance limiting effects in their perovskite solar cells.[78]

Following this approach, we measured the J–V curves for the
pristine (red triangles) and pressed (blue dots) PAD-processed
MAPbI3 solar cells. We then compared the light dependency
of the measured solar cell metrics with the expectations from
Glowienka et al. for an ideal (i.e., without any recombination pro-
cesses) and a more realistic (i.e., including perovskite bulk and
interface recombination) perovskite solar cell. Figure 7a shows
the experimentally determined light-intensity-dependent FF
and Voc of our devices, while in Figure 7b, the corresponding
expectations from Glowienka et al. are shown.

For our devices with pristine and pressed absorber layer, the
FF increases in the light intensity range from 10�3 to 10�1 sun.
In contrast to the devices with pressed MAPbI3 film where the FF
monotonously increases, the FF of the devices with pristine
MAPbI3 film decreases again for light intensities above 10�1

sun. Overall, the pristine devices exhibit lower FF values over
the whole measurement range. For an ideal device, the FF is
expected to be independent of the light intensity, while including
interface recombination, the FF is expected to exhibit a maxi-
mum. Furthermore, the presence of perovskite bulk recombina-
tion lowers the FF.[78] Comparing our experimental results with
the theoretical expectations, it thus becomes clear that the light
dependence of the FF in our case fits best to the theoretical
expectations including interface recombination. Therefore, we
conclude that in our PAD-processed solar cells interface recom-
bination processes are present, limiting the overall device effi-
ciency. Furthermore, the decrease of the FF for pristine
devices above 10�1 sun indicates an increased interface recom-
bination compared to pressed devices.[78] Furthermore, the over-
all lower FF values of the pristine devices compared to the
pressed devices suggest more nonradiative recombination in
the perovskite bulk of the pristine absorber layers, consistent
with the higher nonradiative recombination rate k1 found in
the transient PL measurements (Figure 6e).

The Voc for ideal device is expected to show a linear
dependence on the light intensity in a semilogarithmic plot
and a deviation at high intensities when interface recombination
is present. For our pristine devices, we observe this deviation
from the linear dependence for light intensities above 10�1 sun,
further supporting that more pronounced interface recombina-
tion is present in the pristine devices than in the pressed
devices.

To identify if monomolecular (trap-assisted, nonradiative) or
bimolecular (band to band, radiative) recombination predomi-
nantly takes place at the interfaces, we determined the ideality
factor n and the inverse Langevin recombination factor α from
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the Voc versus Jsc plot and the Jsc versus light intensity plot,
respectively (Figure S21, Supporting Information). In general,
the ideality factor n ranges between values of 1 and 2, where
a value of 1 is expected for ideal solar cells in which only bulk
recombination occurs.[79] Deviations from 1 indicate energy mis-
alignment and trap-assisted recombination at the interfaces.[80,81]

We find values of n� 2 for all measured cells, which suggests
trap-assisted monomolecular recombination as the dominant
recombination mechanism at the interfaces in our case.

Theoretically expected values for α range from 0.5 to 1, with a
value of 0.5 indicating pure bimolecular recombination and val-
ues close to 1 suggesting monomolecular recombination as the
dominant recombination process. Thus, the extracted α values of
�0.9 for our solar cells further support trap-assisted recombina-
tion being the dominant recombination mechanism at the inter-
face.[82,83] This is consistent with the observed hysteresis in the
J–V curves (Figure 4b) indicating an accumulation of ions at the
interface, screening the internal electric field and promoting
recombination there.[84]

Summing up the light-intensity-dependent investigations of
the PAD-processed solar cells, we conclude that recombination
losses at the interfaces between perovskite and charge-carrier
extraction layers are present in our devices, likely contributing
to their limited PCE. On the basis of our analyses, it is not possi-
ble to distinguish which interface (i.e., whether the perovskite/
ETL or the perovskite/HTL interface) is predominantly respon-
sible for the recombination losses. However, due to the alteration
of the SnO2 layer upon perovskite deposition via PAD discussed
in Section 4.1, it is conceivable that the identified interface
recombination losses mainly originate from the ETL/perovskite
interface.

However, another aspect that might contribute to significant
interface recombination and thus limit current values in our
devices is the presence of hydrates at the transport layer/
perovskite interface. The processing of the ETL and the perov-
skite, including pressing, was carried out under ambient condi-
tions (relative humidity: 40%–50%), that is, within a humidity
range, where the formation of monohydrates at the perovskite
surface is known to happen.[85] And indeed the formation of
hydrates on the perovskite film in our case can already be con-
jectured from the grey tarnishing perovskite surface after PAD
processing (Figure 3b). It was shown that hydrates are mainly
formed at the surface and the grain boundaries of the perovskite,
where they act as defects within the perovskite film and the inter-
face.[85,86] Thus, the presence of hydrates lead to additional path-
ways for charge recombination, reducing charge extraction from
the perovskite to the transport layer. This is in line with the gen-
erally low current density of our PAD-processed devices.[87,88]

Furthermore, the presence of hydrates also reduces the barrier
for ion migration,[89] facilitating hysteresis in J–V curves of
corresponding PSCs,[90] which is also fully consistent with our
results in Section 3. Thus, we presume that the presence of
hydrates also contributes considerably to the limited performance
and pronounced hysteresis of the PAD-processed solar cells.

5. Conclusion and Perspective

We have successfully manufactured the first solar cells contain-
ing a completely dry-processed powder-based MAPbI3 absorber
layer. These absorber layers were deposited via PAD, where nec-
essary key modifications such as the use of an ejector and an
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Figure 7. a) Measured light-intensity dependence of the fill factor (FF) (left) and the open-circuit voltage (Voc) (right) for pristine (red triangles) and
pressed (blue dots) MAPbI3 absorber layers. b) Theoretical expectations for FF (left) and the Voc (right) of ideal devices without any recombination
(black squares) and of devices with recombination (purple circles), after Glowienka et al.[78] The lines in (a,b) serve as guide for the eye.
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inertial separator unit were introduced into our setup, resulting
in dense and void-free MAPbI3 films with thicknesses of �1 μm.

The solar cells are fully working with champion device efficien-
cies >6% in backward direction. Here, the Voc (0.95 V) values, and
to some extent also the FF values (56%) match literature values of
cells processed from solution under ambient conditions. However,
in addition to a pronounced hysteresis between the J–V sweep
directions, especially the low Jsc values (7.6mA cm�2) limit the
overall efficiency of our powder-processed devices.

We systematically analyzed our solar cell stacks and found that
the pristine MAPbI3 films show well-suited morphology and
optoelectronic properties for solar cell application. The film
properties further improve by posttreatment via (hot-)pressing,
leading to increased grain size, crystallinity, crystallographic ori-
entation, compaction, reduced surface roughness, and energetic
disorder, as well as a longer charge-carrier lifetime, making the
optoelectronic functionality of the optimized PAD-processed
MAPbI3 films to be on par with their typical solution-processed
counterparts.

While the harsh mechanical impact of the MAPbI3 powder
particles in the course of the PAD process appears to not alter
the SnO2 layer thickness and its morphology, cAFM character-
izations show a clearly reduced electrical functionality, that is,
an increase of the onset potential for electrical conduction and
a decreased overall conductivity. Here, absorption measure-
ments indicate that the PAD processing increases the disorder
of the SnO2 layer. This increase could be associated to an
increase in defect density within the SnO2 due to the high
mechanical impact, and/or the incorporation of metallic Pb into
the SnO2 (as suggested by XPS investigations).

Furthermore, analyzing light-intensity-dependent J–V meas-
urements, we find that recombination at the interfaces between
the perovskite and charge-transport layers also contributes to the
limited performance of the PAD-processed solar cells.

Here, it appears plausible that the formation of hydrates at the
perovskite surfaces, which lowers the barrier for ion migration
associated to a more pronounced hysteresis, is a major contrib-
uting aspect, since the perovskite processing and posttreatment
of our films happen under ambient conditions.

In summary, our work successfully demonstrates that it is pos-
sible to produce PSCs with completely dry-processed absorber
layer based on perovskite powders. As we could pinpoint the
main performance-limiting aspects to be associated with the
presence of hydrates at the perovskite surface and the deteriora-
tion of the electrical properties of the SnO2 layer due to the PAD
process, optimized preparation methods and defect engineering
of the SnO2 layer, as well as moving all processing steps into a dry
atmosphere and using passivated powders, represent important
optimization strategies to reduce hysteresis and to improve over-
all device performance. Based on the various approaches already
presented in the literature, we are thus confident that the current
hurdles to optimize the efficiency of PAD-processed perovskite
solar cells will be successfully overcome in the future.

6. Experimental Section

Powder Synthesis: For the mechanochemical synthesis of MAPbI3, 1.9 g
of themethylammonium iodide (MAI) reactant powder and 5.509 g of PbI2

(99%, Acros Organics) were added to 80 mL ZrO2milling jars under ambi-
ent conditions. Then, 8 mL cyclohexane as a milling agent and 25 ZrO2

milling balls with a diameter of 10mm were added to the milling jar. A
Fritsch “Pulverisette 5” planetary ball mill with 400 rpm was used for syn-
thesis. After 5 min of milling, a pause of 20min was implemented to pre-
vent excessive heating of the milling jar. The process was repeated until a
total milling time of 50min was achieved. Afterward, the cyclohexane was
evaporated in air and the obtained black MAPbI3 powder was sieved using
a mesh size of 63 μm.

Solar Cell Fabrication: Substrate Preparation and ETL: Substrates were
cleaned in an ultrasonic bath with soap water (Hellmanex), deionized
water, acetone, and isopropanol and treated with UV–ozone. SnO2 nano-
particles (Alfa Aesar 15% in H2O) were spin-coated onto the clean sub-
strate at 3000 rpm for 30 s and the substrates were annealed at 180 °C for
30min and again UV–ozone treated prior to perovskite deposition.

Solar Cell Fabrication: Perovskite Film Deposition: MAPbI3 films were pro-
duced via PAD method using a custom-made apparatus. Prior to deposi-
tion, the mechanochemically synthesized MAPbI3 powder was dried for at
least 1 h at 120 °C. For each film, 1 g of the dried powder was filled into the
aerosol generation unit. Using helium as a processing gas, 0.25 L min�1

were passed through the unit to generate the aerosol while the ejector was
fed with 20 Lmin�1 to enhance acceleration of the aerosol through the
converging slit nozzle with orifice size of 10� 0.5mm. The substrate
to nozzle distance was set to 3mm. The substrate was moved past the
nozzle 30 times at a velocity of 1 mm s�1. During deposition, a pressure
of 122mbar resulted in the aerosol generation unit and 6mbar in the
deposition chamber (for details about chosen PAD process parameters,
as well as a discussion about lead safety considerations for the PAD,
see Section S1, Supporting Information). The MAPbI3 films for untreated
devices were blown off with nitrogen before the HTL layer was applied to
remove the loose MAPbI3 particles on the surface.

Solar Cell Fabrication: HTL and Back Contact: Spiro-MeOTAD (Sigma
Aldrich) solutions (72.5 mgmL�1 in chlorobenzene (CB), 17.5 mL Li-TFSI
[520 mgmL�1 in acetonitrile], 42.5mL tBP) were spin-coated at 3000 rpm
for 30 s onto the perovskite film. Finally, 100 nm gold was thermally evap-
orated onto the substrates as back contact which results in active area of
12.5mm2 for each solar cell.

Solar Cell Fabrication: Pressing: Pristine MAPbI3 PAD films were
hot-pressed with a homebuilt manual press (details on press setup in pre-
vious work).[28] The films were pressed with 25MPa at 120 °C for 5 min
(at target levels). For optimum pressing results, loose powder particles
and agglomerates on the pristine PAD films were removed by means of
a nitrogen gun before the pressing process. The glass blocks used as press
die were treated with an anti-sticking coating (trichloro(octadecyl)silane in
toluene from liquid phase) to prevent the pressed film from sticking.

Solar Cell Characterization: The J–V curves were obtained using an
ORIEL Sol2A (Newport) solar simulator with a calibrated AM 1.5 G spec-
trum in combination with a Keithley 2400 sourcemeter and an aperture
mask of 10mm2. The scan rate for all measurements was set to
150mV s�1. For the light-intensity-dependent measurements different
neutral density filters were placed above the devices to reduce the light
intensity.

Absorption: Absorption spectra were recorded using a Cary 5000
(Varian) equipped with an integrating sphere in reflection mode.

TRPL: For TRPL curves, time-correlated single-photon counting
(TCSPC) measurements were performed with a PicoQuant MT200 confo-
cal fluorescence microscope in combination with a PMA Hybrid PMT 40
photomultiplier tube (PicoQuant) and a TimeHarp 260 Pico TCSPC board
(PicoQuant). The samples were excited with a 560 nm diode Laser
(PicoQuant LDH-D-TA-560) with a frequency of 2.0 MHz and a pulse
width of 68 ps. The laser beam was focused on the sample with an
Olympus Objective with 4� magnification and the emission was filtered
with a 561 nm long-pass filter before detection. The excitation fluence was
set to 300 nJ cm�2.

AFM: AFM was performed using a dimension ICON-GB system,
equipped with a Nanoscope V controller (Bruker Corp., USA). The AFM
unit was located in a glove box under argon atmosphere (water< 5 ppm;
oxygen< 0.1 ppm). Multidimensional IV-Spectroscopy images were
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obtained using the DataCube-TUNA mode of the measurement system in
combination with the PF-TUNA application module. We used a conductive
NSC14/Cr-Au Probe from MikroMasch for nanoscale electrical characteri-
zation (calibrated spring constant via Sader: 6.9 Nm�1). The applied load-
ing force for I–V measurements was 100 nN and the sample bias voltage
was swept from �1 to 3 V. The maximum current was limited to �1.3 nA.
Data processing and visualization of multidimensional AFM data was per-
formed using Igor Pro (Wavemetrics Inc., USA). Additional AFM topogra-
phy images (Supporting Information) were recorded under ambient
conditions in TappingMode, using an AC160TS-R3 probe (Olympus
Corp., Japan) with a nominal resonance frequency of 300 kHz.

GIWAXS: GIWAXS experiments were conducted at the beamline 7.3.3
at the Advanced Light Source at Lawrence Berkeley National Lab (Berkeley,
USA).[91] The samples were illuminated with 10 keV radiation (λ= 1.24 Å)
at an incident angle (αi) of 0.25° at room temperature. The beam size was
300 μm (height)� 700 μm (width). The scattering signal was captured on
a Pilatus 2M (172 μm pixel size, file format EDF, 1475� 1679 pixels)
located 274mm from the sample. Acquisition times were 10 s for each
frame. After correction for Ewald-sphere curvature with Xi-CAM,[92] the
2D data was reduced to 1D horizontal and vertical cuts using
customized Python scripts. The software DPDAK (v1.4.1)[93] was used
for Chi-integration. To track scattering peak parameters, the 1D intensity
profiles were fitted with Gaussians and a local background using a Trust-
Region-Reflective Least Squares algorithm.

X-Ray Diffraction: A Bruker “D8 Discover A25” with Cu-KαI radiation
(λ= 0.15406 nm) and Ge-KαI monochromator in reflection mode was
used to acquire XRD patterns with a 2θ step size of 0.008° in the 2θ range
from 10° to 45° under ambient conditions. The X-ray source was operated
with 40 kV and 40mA.

Film Thickness and Surface Roughness: The film thickness and surface
roughness Ra of the (pressed) PAD films were measured using either
an LSM 900 M (Carl Zeiss AG) laser scanning microscope with a
405 nm laser or using a profilometer (Dektak 150, Veeco).

SEM: The film morphology was characterized by SEM using a Zeiss Leo
1530 instrument FE-SEM with Schottky-field-emission cathode, In-lens
detector, and SE2 detector. The accelerating voltage was 3 kV. Prior to
measurement, the samples were sputtered with 2 nm platinum.

XPS: XPS measurements were carried out with a Versa Probe III
photoelectron spectrometer (PHI). The excitation was provided by an
Al K α source (hν= 1486.6 eV) at a pass energy of 224 eV to achieve high
sensitivity. The X-ray beam had a diameter of 100 μm and a power of 25W.
Ion (Arþ) and electron neutralization was applied to the sample to avoid
charging-induced energy shifts.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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1 PAD setup 

 

Figure S1: a) Schematic of a setup for powder aerosol deposition (PAD) showing its 

main components. The zoomed in area illustrates the film formation. Adapted under 

the terms of the CC-BY 4.0 license.[1] Copyright 2016, the authors. Published by MDPI 

AG. b) Thickness of MAPbI3 films deposited via PAD using different gas flow. 

 

Derivation of suitable PAD processing parameters 

Suitable PAD processing parameters were derived for the deposition of MAPbI3 thin 

films with appropriate thickness, morphology and homogeneity. 

For the aerosol generation, a low gas flow of 0.25 l/min was used to get a low aerosol 

concentration, which is beneficial for a more homogeneous film coverage. 

The gas flow that feeds the ejector to accelerate the aerosol in combination with the 

reduction of the cross-section at the ejector and the slit nozzle define the resulting 

carrier gas velocity. We tested different gas flow rates between 6 l/min and 20 l/min 

and evaluated the resulting film thickness at three different spots across a film. The 

resulting mean film thicknesses with standard deviation (represented by the error bars) 

are shown in Figure S1b. Here, a higher gas flow tends to lead to a more homogenous 
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thickness within a film. Consequently, we chose the maximum gas flow of 20 l/min 

limited by our setup and the geometry of the ejector.  

The vacuum level in the deposition chamber of 6 mbar results from the gas flow, the 

ejector geometry, the nozzle geometry and the performance of the vacuum pump and 

is in a typical range for PAD.[2] 

Regarding the substrate to nozzle distance, we chose a value of 3 mm, that has been 

proven well suited for deposition in the past in our lab and allows a homogeneous layer 

thickness across the nozzle width.[2] Moreover, the substrate to nozzle distance seems 

to have a rather small influence in the chosen range.[3] 

 

Safety aspects of the lead containing PAD process: 

Lead-based powder aerosol is a potential safety issue. Nevertheless, no powder 

aerosol can escape during the coating process, because everything is tightly sealed 

due to the required vacuum. In addition, a filter is installed before the vacuum pump to 

remove residual powder in the gas flow. After the deposition is finished and thus after 

aerosol generation is stopped, the vacuum is maintained for a short time to allow 

residual powder particles to settle. The machine operator gets in contact with lead-

containing powder sticking on the wall of the deposition chamber only when the sample 

is removed from the coating chamber. For this step, personal protective equipment 

consisting of safety goggles, gloves, lab coat and particulate respirators is worn. In 

addition, the PAD machine is located in a fume hood to capture any perovskite particles 

that may be released into the air. No lead can be found by regular lead tests in the 

area surrounding the fume hood with the PAD machine. For use in industrial 

processes, it would be reasonable to use appropriate large-scale extraction systems 

and a robot to feed the deposition chamber or to employ a continuous process. 
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2 MAPbI3 films without optimization of the aerosol generation 

 

Figure S2: SEM images of rapidly grown MAPbI3 films deposited using highly 

agglomerated mechanochemically synthesized MAPbI3 powders for the PAD process 

without improvements in the aerosol generation. In the left image, large particles that 

have not been sufficiently crushed and deformed during deposition are clearly visible, 

while in the middle of the right image a loosely bound agglomerate can be seen. The 

films were wiped with a cloth, thus the rather smooth surface.  
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3 Morphology of mechanochemically synthesized MAPbI3 powder 

 

Figure S3: SEM images of mechanochemically synthesized MAPbI3 powder used for 

PAD. 

 

4 Phase purity of mechanochemically synthesized MAPbI3 powder 

 

Figure S4: X-ray diffractogram of mechanochemically synthesized MAPbI3 powder. All 

reflexes can be indexed to MAPbI3 showing the phase purity of the powder[4]. 
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5 Deposition of MAPbI3 films with simple tee instead of the ejector 

We also checked if the ejector can be replaced by a simple tee to simplify the setup. 

However, the resulting deposited films using the tee show large pores, voids (pinholes 

through the whole film) and particles that have not been crushed, as expected when 

too much kinetic energy is used to break up larger agglomerates instead of particles 

(Figure S5). Also, the film deposited with tee is quite thin as the larger agglomerates 

probably do not bond to the substrate during the first passes. 

 

Figure S5: a) Concept of the aerosol generation employing a tee piece as the ejector 

unit. b) SEM image of a MAPbI3 film deposited with a simple tee instead of the ejector. 

 

6 Detailed discussion of the pressing process 

When hot-pressing MHP thin films, silicon wafers are often used as press die because 

of their low surface roughness and the applicability of a hydrophobic coating.[5–12] This 

coating is necessary to prevent the perovskite film from sticking to the press die. [5,7–

9,12] However, in single-action pressing, as performed in this work by means of a 

manual press, the use of silicon wafers as press die is limited to pressures below 10 

MPa,[8,12] as otherwise the wafers may break. Alternatively, PTFE sheets are used as 

press die material owing to their anti-sticking behavior. However, due to the low form 

stability of PTFE, pressure is often kept far below 15 MPa.[13–15] In contrast, polyimide 

foil is characterized by high form stability under mechanical and thermal stress and 

also exhibits anti-sticking behavior due to its low surface roughness.[16] Using polyimide 

foil as press die material, MHP films with promising optoelectronic properties have 

been fabricated.[17,18] Thus, we tried pressing our pristine PAD films with polyimide foil 
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as press die material at a pressure of 25 MPa and a temperature of 120 °C. 

Unfortunately, the used polyimide foil (thickness: 125 µm, roughness: 43 nm) wears 

off during hot pressing (see Figure S6 top), which might be caused by the rough 

surface of the pristine PAD films. In addition, the polyimide foil is not reliably anti-

sticking (see Figure S6 top), indicating that a lower surface roughness of the foil would 

be required. Due to these issues, we went over to glass blocks (thickness: 8 mm, 

roughness: 2 nm) as press die material, whose thickness is decisive for the fracture 

resistance under pressing. Despite the low surface roughness of the glass blocks, an 

anti-sticking coating (Trichloro(octadecyl)silane in toluene from liquid phase) is 

necessary (see Figure S6 bottom). Using the silanized glass blocks as press die in our 

manual press, our MAPbI3 thin films can be reliably pressed with 25 MPa at 120 °C for 

5 min (Figure 3a and previous work[19] for details on press setup, entire time profiles of 

pressure and temperature in Figure S7).  

 

 

 

Figure S6: Top: Polyimide foil before (left) and after pressing (right): As a result of the 

increased pressure and temperature during the pressing process, the foil wears off and 

the pressed MAPbI3 film may stick to the foil. Bottom: Glass die without silanization 

coating before (left) and after (middle) hot-pressing a MAPbI3 PAD film (right). Parts of 

the MAPbI3 PAD film have detached from the substrate and stick on the glass die. 

before pressing after pressing 

before pressing after pressing 
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Figure S7: Time evolution of the applied pressure and temperature when pressing a 
MAPbI3 PAD film 5 minutes at a target level of 25 MPa and 120 °C (pressure was 
manually readjusted to maintain the target pressure level). 
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Figure S8: Surface roughness (top) and average surface height specifying film 

thickness (bottom) of 7 MAPbI3 absorber layers before (grey, “pristine film”) and after 

hot-pressing (red, “pressed film”) determined using a profilometer. 
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7 Solar cell characteristics 

 
Figure S9: Batch statistics (back and forward direction) of solar cells with pristine 

absorber layer (red, orange) and with pressed absorber layer (blue, purple) obtained 

a) 24h after fabrication and b) 9 weeks after fabrication. 

 

Table S1: Summary of solar cell metrics (mean values) for MAPbI3 solar cells with 

pristine and with pressed PAD processed absorber layer measured 24h after 

fabrication, values for forward direction in brackets. 

 

type Voc in V Jsc in mA/cm2 FF    in % PCE in % 

pristine 

0.93 ± 0.09 

(0.87 ± 0.12) 

2.6 ± 0.9 

(1.6 ± 0.6) 

52 ± 12 

(33 ± 8) 

1.3 ± 0.8 

(0.5 ± 0.3) 

pressed 

0.99 ± 0.01 

(0.92 ± 0.06) 

4.1 ± 1.4 

(2.2 ± 0.8) 

63 ± 6 

(29 ± 8) 

2.5 ± 0.7 

(0.6 ± 0.2) 
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Table S2: Summary of solar cell metrics (mean values) for MAPbI3 solar cells with 

pristine and with pressed PAD processed absorber layer measured 9 weeks after 

fabrication, values for forward direction in brackets. 

 

type Voc in V Jsc in mA/cm2 FF    in % PCE in % 

pristine 

0.90 ± 0.11 

(0.80± 0.11) 

7.2 ± 3.1 

(2.8 ± 1.4) 

52 ± 9 

(21 ± 7) 

3.5 ± 1.8 

(0.4 ± 0.3) 

pressed 

0.95 ± 0.04 

(0.87 ± 0.03) 

7.6 ± 2.7 

(3.9 ± 1.8) 

56 ± 6 

(16 ± 6) 

4.1 ± 1.8 

(0.5 ± 0.3) 

 

 

 

 

 

Operational Stability 

In order to assess the operational stability, we recorded consecutive J-V 

measurements and plotted the extracted solar cell parameters as a function of number 

of measurements (Duration per scan: 30 seconds). From this tracking of solar cell 

parameters, it becomes clear that Voc and FF of the pressed device appears nearly 

constant, while the Jsc of devices 1 and 2 slightly decrease with the number of 

consecutive J-V scans. In contrast, for the three devices with pristine absorber layer 

shown here, the J-V characteristic exhibit different behavior as a function of number of 

consecutive J-V scans, which we speculate to be attributed to the differences in 

perovskite layer morphology, compactness and surface roughness. 
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Figure S10: Solar metrics of three devices each for pressed (a) and pristine (b) MAPbI3 

absorber layers as function of number of measurements of consecutive J-V sweeps. 
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8 Prove of perovskite adhesion via scotch tape test 

 

Figure S11: Photograph of the PAD film (left) after applying and removing a stripe of 

scotch tape on the pristine PAD film. On the peeled off tape (right), only a negligible 

amount of MAPbI3 powder is visible which originates from loose and uncompressed 

powder particles remaining on top of the film after PAD. 

9 Details on the SnO2 layer 
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Figure S12: Height profiles of 1) a native SnO2 layer serving as reference, 2) SnO2 

layer after removing a solution-processed MAPbI3 film, 3) SnO2 layer after removing a 

pristine MAPbI3 PAD film, and 4) SnO2 layer after removing a pressed MAPbI3 PAD 

film. 
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Figure S13: AFM topography images of a native SnO2 layer and SnO2 layers after 

applying a MAPbI3 film via PAD (and pressing) and removing the MAPbI3 film. The ITO 

topography is also shown for reference. 
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Figure S14: Extraction of Urbach energy EU via calculated apparent Urbach energy 

EU,app (red) from measured (black) / background corrected (grey) absorption spectra of 

1) a native SnO2 layer serving as reference, 2) SnO2 layer after removing a solution 

processed MAPbI3 film, 3) SnO2 layer after removing a pristine MAPbI3 PAD film, and 

4) SnO2 layer after removing a pressed MAPbI3 PAD film. The EU values extracted 

from the horizontal part of EU,app (red dashed line) are summarized in the table below 

the graphs. 

The Urbach energies EU of the four different presented types of SnO2 layers were 

extracted via calculating the apparent Urbach energy EU,app according to 𝐸U,app =

(
ⅆ

ⅆ𝐸
[ln(𝛼 − 𝐷)])

−1

 from the absorption spectra (𝛼) with subtracted scattering offset 

𝐷.This analysis method has been introduced recently in the field of halide perovskite 

by Ugur et al. and Zeiske et al.[20,21] The horizontal part of the apparent Urbach energy 

EU,app represents the exponential part in the absorption spectra and thus yields the 

Urbach energy value EU. Large error bars were estimated for the extracted Urbach 
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energy values EU, because of the limited quality of the absorption spectra due to the 

small SnO2 layer thickness (40-50 nm). This is also the reason why we used the novel 

more sophisticated analysis method of the Urbach energy via EU,app for the SnO2 layer 

instead of fitting the absorption spectra directly with an exponential function as done 

for the MAPbI3 absorber layer in Figure 6. The extracted higher Urbach energies for 

PAD treated SnO2 layers suggest that the PAD-processing increases the energetic 

disorder in the SnO2 layer. 
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Figure S15: XPS spectra of 1) a native SnO2 layer serving as reference, 2) SnO2 layer 

after removing a solution-processed MAPbI3 film, 3) SnO2 layer after removing a 

pristine MAPbI3 PAD film, and 4) SnO2 layer after removing a pressed MAPbI3 PAD 

film. 
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10 Further details on the perovskite layer 

 

Figure S16: Ewald-curvature corrected 2D GIWAXS data of a) pristine and b) pressed 

MAPbI3 thin films. The red lines mark the (110) & (002) double peak, which was 

examined for the χ analysis in the main text.  

χ analysis and single pixel intensity variations  

To distinguish changes in orientation for the pristine and pressed MAPbI3 films the 

samples were examined with a χ analysis. Therefore, a line cut over the full peak width 

of the (110) & (002) double peak marked (red) in Figure S16 was extracted. Hereby 

90° corresponds to the direction along qr (in-plane of the sample) and 0° to the direction 

along qz (out-of-plane of the sample). The upper limit of χ is given by the missing gap 

due to the curvature of the Ewald-sphere, while the lower limit is given by the position 

of the Yoneda streak at qz = 0.083 Å-1.[22] The Yoneda region needs to be discarded to 

ignore its intensity enhancement. Also, the data below the Yoneda region will be 

discarded because it emerges from below the horizon and is therefore attenuated. The 

resulting intensity plot versus angle χ was then corrected for the sample isotropy by 

subtracting the isotropic contribution. The resulting plot showing the oriented fraction 

is displayed in Figure 6b (main text). 

The intensity within the (110) & (002) double peak marked in Figure S16 was further 

analyzed by extracting single pixel counting statistics to determine how the pressing 

changes the number of large crystallites within the film. The results are shown in Figure 

S17. One can see in subfigure b) that the median of the pixel intensity distribution of 

the hot-pressed MAPbI3 film is at 2.5k counts/pixel, while the median of the distribution 

pristinea) pressedb)
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in subfigure a) is at 4.7k counts/pixel. This is related to the overall higher background 

level of counts for the pristine sample, which is also visible in Figure S16. Further, the 

overall mean of the ratio of counts/pixel is higher (8.4k counts/pixel) for the hot-pressed 

sample, resulting in a local maximum visible at 20k counts/pixel. Similar behaviour is 

observed for the pristine sample, but the overall mean is lower (7.2k counts/pixel) with 

the local maximum shifting to lower values (15k counts/pixel). The higher mean and 

the higher single pixel counts of the local maximum around 20k of the pressed sample 

indicates an increased number of large crystallites within the hot-pressed sample. 

 

Figure S17: Histograms of single pixel counting statistics of the pixels within the 

marked area of the (110) & (002) double peak in Figure S15 for a a) pristine and b) 

pressed MAPbI3 film. 
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Figure S18: (a) X-ray diffractograms of mechanochemically synthesized MAPbI3 

powder, pristine MAPbI3 PAD film, and pressed MAPbI3 PAD film. All reflexes can be 

indexed to MAPbI3 showing the phase purity of the powder and the pristine film.[4] In 

the pressed film only a negligible amount of PbI2 is found. (b) Zoomed in version of the 

X-ray diffractograms from (a) for the pristine and pressed film showing the decrease in 

FWHM and the introduction of preferred orientation upon pressing.  

Detailed qr and qz analysis 

To examine the compression of unit cells upon pressure treatment, the (110) and (002) 

signal was examined in two perpendicular directions. Peak positions were separated 

by fitting two gaussian peaks and a local background in qr and qz direction. The 

obtained lattice spacings d are plotted in Fig S19 on the left for qr and on the right for 

qz. 

 

Figure S19: Lattice distances extracted from the (110) & (002) double peak along qr 

(left) and qz (right) for pristine and pressed MAPbI3 thin films. The arrows indicate the 

change in lattice spacings with pressing. 
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11 Urbach Analysis 

 

Figure S20: Extraction of Urbach energy EU via calculated apparent Urbach energy 

EU,app (red) from measured (black) / background corrected (grey) absorption spectra of 

pristine (left) and pressed (right) MAPbI3 PAD films. The EU values are extracted from 

the horizontal part of EU,app (red dashed line). 

The extraction of the Urbach energy in Figure 6 in the main text by exponential fits to 

the absorption spectra is commonly used. Recently, a novel sophisticated analysis 

method of the Urbach energy via EU,app has been introduced in the field of perovskites 

(see also Figure S14).[20,21] We additionally applied this novel method which yields 

Urbach energy values of approx. 24 meV and 16 meV for pristine and pressed MAPbI3 

PAD films, respectively (Figure S20). These values are similar to the values obtained 

by the method shown in Figure 6.  
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12 Ideality factors and α values 

 

Figure S21: a) VOC as a function of the JSC, obtained from the light intensity-dependent 

J-V-curves. From the slope of the linear fitting the values of the ideality factors n (see 

main) are extracted. b) Light intensity-dependence of the JSC for pristine and pressed 

MAPbI3 PAD films. α values are extracted from the slope of the linear fitting. 
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ABSTRACT: In recent years, record efficiencies of halide
perovskite-based devices have been achieved by processing high-
quality thin films, where small morphology differences seem to be
relevant for optimized optoelectronic functionality. However, a
detailed understanding on how small morphological changes in
perovskite films affect their structural and optoelectronic properties
is still missing. Here, we investigate the influence of small
morphology differences (i.e., increased grain size and crystallo-
graphic orientation), which are induced by hot-pressing methyl-
ammonium lead iodide (MAPbI3) thin films, on the structural
properties, phase transition behavior, energetic disorder, and
defects. To this end, detailed temperature-dependent photo-
luminescence (PL) and absorption analyses from 300 K down to
5 K are performed. The morphology differences, confirmed by scanning electron microscopy and X-ray diffractometry analyses,
result in an increased phase transition temperature for hot-pressed (HP) films, which we attribute to less strain. Moreover, fluence-
dependent and transient PL measurements reveal a lower defect density in HP films. Here, besides grain size, also the degree of
orientation appears to enhance the charge carrier lifetimes. The identified interdependence of strain and defect properties with film
morphology suggests small differences in the perovskite’s energetic disorder. Our work thus emphasizes the importance that even
small structural differences in halide perovskites have on their optoelectronic functionality, spurring their further optimization.

1. INTRODUCTION
Even though being relatively straightforward and inexpensive
to produce, halide perovskites still exhibit remarkable semi-
conducting properties. Accordingly, they are currently
considered one of the most promising candidates for the
next generation of a variety of optoelectronic devices.1,2 In
contrast to conventional inorganic semiconductors, halide
perovskites are exceptionally robust against the presence of
defects as corresponding defect energy levels are typically
located close to or in their conduction and valence bands,
respectively.3−5 That is why even with polycrystalline perov-
skite layers, remarkably high device efficiencies are achiev-
able.6−8

However, to produce perovskite-based optoelectronic
devices with record efficiencies, it is necessary to use perovskite
films with optimized morphology. For example, large grain
sizes and uniform crystallographic orientation are aimed for in
the case of perovskite solar cells.9−13 Various research reports
indicate that even small improvements in the morphology of
perovskites are important for further optimizing their
optoelectronic functionality.9,12−14

Nevertheless, while various studies investigated the influence
of distinct morphology changes on the resulting device

properties in the past,9−15 only little is known about how
small morphology changes of perovskite thin films affect
structural and optoelectronic properties, especially with respect
to changes in strain and correlated energetic disorder as well as
defect properties.16−23

Using films of the model halide perovskite methylammo-
nium lead iodide (MAPbI3), we investigate in detail how a
small increase in grain size and orientation induced by hot-
pressing of polycrystalline thin films affects crystallographic
phase transitions, energetic disorder, and the properties of the
excited states. On the one hand, detailed analyses of
temperature-dependent absorption and photoluminescence
(PL) measurements allow us to identify differences in the
critical transition temperature between tetragonal and
orthorhombic crystal structures, indicating differences in strain,
depending on the film morphology. On the other hand, our
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analyses enable us to extract the Urbach energy�a measure
for the energetic disorder in the semiconductor�from PL
data, where within our error margins, no differences between
the samples are observed. However, a clear impact of
morphology changes induced by hot-pressing on the lifetimes
of the photoexcited carriers is observed, which is investigated
by means of transient PL measurements. Furthermore, a
correlation between the lifetimes and changes in the preferred
crystallographic orientation is observed.

2. EXPERIMENTAL SECTION
2.1. Film Preparation. MAPbI3 powder was synthesized

via mechanochemical synthesis using a Fritsch “Pulverisette 5/
4” planetary ball mill with 400 rpm. Therefore, 1.900 g of MAI
powder and 5.509 g of PbI2 powder were put in a 80 mL ZrO2
milling jar together with 25 ZrO2 milling balls (diameter 10
mm) and 5 mL of cyclohexane as the milling agent. Milling was
done for 5 min followed by a break of 20 min (to avoid too
much heating due to rotation and friction) and both were
repeated until a total milling time of 25 to 35 min was reached.

MAPbI3 thin films with an area of about 1.0 cm × 1.4 cm
were deposited onto 2 cm × 2 cm glass substrates (substrate
thickness 3 mm) via the powder aerosol deposition method
(PADM) using the mechanochemically synthesized MAPbI3
powder and a custom-made apparatus for PAD. Then, these
MAPbI3 thin films were (hot-)pressed with a pressure of 25

MPa using a homebuilt mechanical press (for details, see
Section S1).
2.2. Film Characterization. For morphology character-

ization of the MAPbI3 thin films, SEM images were taken with
a Zeiss Leo 1530 scanning electron microscope (with a
Schottky-field-emission cathode, SE2 detector, and Inlens
detector) using an accelerating voltage of 3.0 kV. Therefore,
the thin films were fixed on a sample holder with conductive
adhesion graphite pads (Plano) and sputtered with a 1.5 nm
thin platinum layer. For details on grain size analysis from SEM
images, see Section S1.

Structural characterization of the thin films was conducted
by reflection mode XRD using a Bruker “D8 Discover A25”
with Cu KαI radiation (λ = 0.15406 nm). The KαII rays were
removed with a Ge KαI monochromator. The instrument was
operated with 40 kV and 40 mA. Diffractograms were recorded
with a 2θ step size of 0.008° in the 2θ range from 10 to 45°
under ambient conditions. Details on XPS measurements are
given in Section S1.

The surface roughness Ra and the average surface height of
the thin films were determined using a profilometer (Dektak
150, Veeco).
2.3. PL and Absorption Measurements. The temper-

ature- and fluence-dependent steady-state PL and absorption
spectra were measured using a homebuilt setup: the MAPbI3
thin films were placed in an electrically heatable continuous
flow cryostat (Oxford Instruments, Optistat CF) with an

Figure 1. Morphology of CP (gray) and HP(red) MAPbI3 thin films: (a,b) top-view SEM images and (c) corresponding grain size distributions.
(d,e) Cross-sectional SEM images. (f) XRD patterns with 002, 110 and 004, 220 reflex pairs, normalized to the 110 reflex intensity.
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automated temperature controller (Oxford Instruments
ITC503S), and the temperature was regulated between 300
and 5 K. A tungsten lamp was used as a white-light source for
the absorption measurements. To obtain the optical density
(OD), the transmission through the sample and a reference
beam that did not pass through the sample were recorded. A
630 nm long-pass filter was placed in the optical detection path
to remove the 2nd diffraction order of the spectrograph. For
measuring PL spectra, a 337 nm nitrogen laser (LTB MNL
100) was used for excitation. In the optical detection path, a
400 nm long-pass filter was used to remove scattered excitation
light. The PL of MAPbI3 thin films when measuring PL spectra
and the transmission and reference beams when measuring
absorption spectra were focused into a spectrograph (Andor
Shamrock SR303i), respectively, and recorded with a Si-CCD
camera (Andor iDus DU420a-OE). All spectra were corrected
for transmission and detection efficiency of the setup.

For the extraction of charge carrier lifetimes, time-resolved
PL (TRPL) curves of the MAPbI3 thin films were measured at
room temperature using time-correlated single-photon count-
ing (TCSPC) in a PicoQuant MT200 confocal fluorescence
microscope. A 561 nm diode laser (PicoQuant LDH-D-TA-
560) with a frequency of 1.0 MHz and a pulse width of 68 ps
was used for excitation, and the excitation fluence was set to
300 nJ/cm2. An Olympus objective (4× magnification,
numerical aperture of 0.1) was used to focus the laser beam
on the thin film surface with a spot diameter of about 6 μm in
the focal plane. In the optical detection path, a 561 nm long-
pass filter was installed in order to remove scattered excitation
light. A PMA Hybrid PMT 40 photomultiplier tube
(PicoQuant) was used to detect the remaining emission
from the MAPbI3 thin films. This emission signal was
processed by a TimeHarp 260 Pico TCSPC board
(PicoQuant).

3. RESULTS AND DISCUSSION
3.1. Preparation of Films with Different Morpholo-

gies. For investigating the influence of orientation and grain
size on the phase transition behavior, energetic disorder, as
well as defect properties, we first manufactured MAPbI3 thin
films with different morphologies. To do so, we used a dry
powder-based two-step processing method comprising (i) film
formation by spraying mechanochemically synthesized
MAPbI3 powder onto a glass substrate via the PADM and
(ii) post-treatment by applying a pressure of 25 MPa for about
50 min to the perovskite films (for details, see Section S1). We
chose this approach as producing MAPbI3 films by PADM
results in polycrystalline film morphologies,2,24,25 while
pressing polycrystalline halide perovskite films increases the
degree of orientation and grain size, especially when the
pressing process proceeds at an elevated temperature.14,26

Therefore, we pressed PADM-processed thin films at room
temperature (referred to as cold pressed, CP) and at an
elevated temperature of about 100 °C (referred to as hot
pressed, HP), producing films with well defined, yet different
morphologies.

Following this processing approach, compact films with
thicknesses of around ∼4 μm were obtained (see Figure S3a
for the cross-sectional SEM image). Top-view SEM images in
Figure 1a,b show an average grain size of (150 ± 75) nm for
the CP film and (220 ± 110) nm for the HP film (see Figure
1c and Section S1 for details of grain size analysis).
Furthermore, less and narrower grain boundaries can be

observed for the HP in contrast to the CP film (Figure 1a,b).
Increased grain size and narrower grain boundaries in the HP
film at the surface as well as throughout the layer thickness are
also obvious in the corresponding cross-sectional SEM images
(Figure 1d,e). Moreover, the HP film exhibits a reduced
surface roughness of RaHP = 34 nm compared to the CP film
with RaCP = 61 nm. The observed film morphology
improvements are in line with previous literature reports
about thermal pressure treatment of MAPbI3 thin films.26−29

To investigate whether the increase in grain size is also
accompanied by an increase in MAPbI3 crystallite size, we
measured XRD patterns of the HP and CP films. Figure 1f
shows corresponding normalized XRD patterns in the 2θ range
between 13.7 and 28.8°, which contain the reflex pairs 002,
110 and 004, 220 of MAPbI3 in its tetragonal crystal
structure.30 From Figure 1f, it becomes clear that the HP
film (red line) exhibits narrower reflexes compared to the CP
film (gray line), indicating a larger crystallite size and/or
reduced microstrain in the HP sample. Examining the reflex
width by applying the Rietveld refinement method to the
measured XRD patterns (Figure S3c), we extract crystallite size
information from the width contribution changing with 1/
cos(θ) and information on the microstrain in the sample from
the width contribution changing with tan(θ) (Section S1). We
find crystallite sizes of ∼(130 ± 25) and ∼(350 ± 150) nm for
the CP and the HP films, respectively. Within the respective
error ranges, these crystallite sizes are similar to the
corresponding average grain sizes extracted from the SEM
images, suggesting that the grains observed in Figure 1a,b for
both films are essentially single crystalline. Applying the
Rietveld refinement method, we also find that the extracted
microstrain in the HP film (0.028% ± 0.015%) tends to be
lower than the corresponding microstrain in the CP film
(0.047% ± 0.015%). This reduction is in line with the work of
Osherov et al., who suggested that the fraction of the strained
perovskite material is higher for smaller grains than for larger
grains as strain is predominantly present in the grain
boundaries.31

In addition to differences in the width of the reflexes in the
measured XRD patterns, we find their relative intensities to
differ as well (Figure 1f). The 110/002 peak intensity ratio for
the HP film (∼3.68) is clearly higher than for the CP film
(∼1.55). This behavior also applies to the ratios of
corresponding higher order reflexes, such as the 220/004
ratio (see Figure S3c for XRD patterns between 10 and 45°).
Exploiting the geometric relationship between the individual
scattering planes over the full measured 2θ range, the observed
changes in the peak intensity ratio can be well modeled by
changes in the preferred orientation. Thus, the peak intensity
ratio indicates that hot-pressing compared to cold-pressing
induces an increased orientation of the (110) plane parallel to
the substrate, i.e., the [110] direction is parallel to the direction
where the pressure is applied. This is in line with the
observations from our previous work32 and with the results of
Moon et al., where increased crystallite size and preferential
crystal plane orientation parallel to the substrate are found for
increased temperature during pressing of halide perovskite thin
films.14 In passing, we mention that we observe small amounts
of PbI2 in both samples, reflected by low-intensity reflexes at
12.7°, which are slightly higher in HP than in CP samples
(Figure S3c). The increased PbI2 content after hot-pressing is
also reflected in the reduction of the I/Pb ratio from 3.08
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(before pressing) to 2.76 after hot-pressing, extracted from
XPS spectra (see Figure S4 and Section S1 for details).

Overall, by employing increased temperature during the
pressing of the MAPbI3 films, we were able to increase the
grain size and induce higher preferred orientation in the film.
3.2. Structural Properties. To investigate how the

changes in orientation and grain size of the MAPbI3 films
impact their defect properties, degree of energetic disorder,
and their behavior when undergoing structural changes, such
as crystallographic phase transitions, we measured temper-
ature-dependent steady-state PL and absorption spectra from
300 K down to 5 K of the CP and HP samples.

When cooling and reheating a MAPbI3 thin film across the
phase transition between the tetragonal and orthorhombic
phases, as it is done in this work, morphological changes are
known to occur upon the second passing of the phase
transition, i.e., during reheating.31 To ensure that the small
morphology differences induced by hot-pressing are not
obscured by additional unintended morphology changes in
our case, we first focus on the cooling stage (Sections 3.2.1 and
3.2.2) before also addressing the samples after reheating,
shown in Section 3.2.3.
3.2.1. Phase Transition. In the following, we first focus on

the phase transition behavior. Between ∼330 and ∼163 K,
MAPbI3 exhibits a tetragonal phase, while at temperatures
below ∼160 K, it adopts an orthorhombic crystal struc-
ture.33−35

Figure 2 shows absorption and PL spectra of the CP and HP
films between 170 and 100 K, i.e., in the temperature range of
the phase transition. When transitioning between tetragonal
and orthorhombic phases, it is known that the electronic
structure and thus the optical properties of MAPbI3 change
substantially.34,36 In the absorption spectra (Figure 2a,b) at
170 K, an absorption edge is present for both samples at about
1.56 eV, which is associated with the tetragonal phase.37−39

Upon cooling below 160 K, the absorption reduces in the
energy range up to 1.65 eV and vanishes below 120 K. In this
temperature range, an absorption edge at about 1.65 eV
becomes visible, which is associated to absorption of the

orthorhombic phase.37−39 In general, the temperature-depend-
ent changes of the spectra of CP and HP appear similar.
Nevertheless, the first indicator for the phase transition upon
cooling is the initial decrease of absorption intensity of the
tetragonal phase, occurring at 150 K for the CP sample (gray
line in Figure 2a), but it is already occurring at 155 K for the
HP sample (red line in Figure 2b). In passing, we mention that
the absorption spectra saturate above an OD value of about 2.7
due to limited setup sensitivity.

Similar to the observations in absorption, the PL spectra
measured in the phase transition region also exhibit distinct
changes. Figure 2c,d shows the corresponding PL spectra
between 160 and 120 K of both MAPbI3 samples CP and HP
normalized to the PL peak at ∼1.56 eV, which is associated
with PL from the tetragonal phase (see Figure S5a,b for
unnormalized PL spectra).36,40,41 Upon cooling, a second PL
peak at ∼1.67 eV arises, which corresponds to PL from the
orthorhombic phase.36,40,41 Similar to the absorption, the PL of
the orthorhombic phase appears at 150 K for CP (see the gray
line in Figure 2c), but it emerges already at 155 K for HP (see
the red line in Figure 2d).

For a quantitative analysis of these differences in the phase
transition dynamics between the two sample types, we
determined the critical phase transition temperature from the
absorption spectra in Figure 2a,b following an approach from
earlier works.42,43 To this end, for CP and HP samples, we
considered the temperature dependence of the OD at 1.62 eV
(Figure 3a), i.e., an energy where only the tetragonal phase
absorbs. Then, we calculated the derivative of the temperature-
dependent OD resulting in a peak in the temperature range of
the phase transition (Figure 3b). The latter was fitted using a
Gaussian function, where we associate the peak position with
the critical phase transition temperature Tc and the full width
at half-maximum (fwhm) with the temperature range over
which the phase transition proceeds. We find Tc to be higher
for HP (Tc,HP = 151.9 K ± 0.3 K) compared to CP (Tc,CP =
147.5 K ± 0.4 K). Both values are in agreement with reported
phase transition temperatures of polycrystalline MAPbI3 thin
films, which cover a range from about 145 to 160

Figure 2. Absorption and PL spectra of MAPbI3 thin films in the phase transition region between 170 and 100 K: optical density of (a) a CP film
and (b) an HP film. Normalized PL of (c) a CP film and (d) an HP film. Arrows indicate the phase transition from the tetragonal to orthorhombic
phase upon cooling. Gray and red lines represent the first sign of phase transition for CP and HP films, respectively.
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K.31,37,39,40,43−45 The extracted fwhms of the transition are
similar within the error range for the CP and HP films with
fwhmCP = (11.6 ± 1.2) K and fwhmHP = (11.1 ± 0.8) K. These
fwhm values are in line with the corresponding value of a
solution-processed MAPbI3 thin film found in a previous
work.43

As a next step, we analyzed in more detail how the
differences in phase transition are reflected in the PL properties
of the two samples. We considered the intensity of the PL of
the orthorhombic phase between 155 and 140 K relative to the
one of the tetragonal phase (Figure 3c). With decreasing
temperature, the relative intensity of the orthorhombic peak
increases similarly for both HP and CP, with slightly higher
relative intensity values for HP (see also comparison of PL
spectra in Figure S5c).

Overall, a retention in the onset of the phase transition to
lower temperatures is identified for the CP sample compared
to the HP sample.

In the past, the phase transition temperature in MAPbI3 was
found to alter depending on the morphology of the
investigated sample. For example, decreased phase transition
temperatures were observed for MAPbI3 films with smaller
grains.23,44 For nanoparticles and nanocrystals, even a fully

suppressed phase transition was reported.44 Such changes in
phase transition behavior were associated with the degree of
strain in the perovskite, which is supposed to increase for
smaller grain sizes due to a higher fraction of grain
boundaries.19,23,31

This conclusion is in good agreement with our identified
lower phase transition temperature for the CP film, which
exhibits a smaller grain size and a higher microstrain compared
to that of the HP film (see Section 3.1). The increased PbI2
content in HP (Figures S3 and S4) is not expected to induce a
significant amount of additional distortion related strain46

compared to strain located at the grain boundaries and thus
should not affect the phase transition temperature significantly
(see also Section S1). Overall, we suggest that the observed
decrease in critical phase transition temperature of the CP
sample compared to the HP sample in Figure 3 is associated
with an increased amount of strain in the CP sample.

3.2.2. Energetic Disorder. As the degree of strain is known
to be correlated with the degree of energetic disorder in halide
perovskites,18,47,48 we next focus on investigating the latter for
our samples.

Energetic disorder in semiconductors impacts their optical
properties. For example, often, an exponentially decreasing
absorption tail below the band gap is observed, which is
referred to as Urbach tail absorption.49,50 The slope of this
Urbach tail is determined by the so-called Urbach energy EU,
which in turn is influenced by static and dynamic disorder.49,50

EU, and thus the degree of energetic disorder, is also
reflected in the shape of the corresponding PL. Based on the
reciprocity theorem, the (intrinsic) PL is proportional to

· ·
i
k
jjjjj
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zzzzzE E E

k T
PL ( ) exp2

B (1)

where E is the photon energy, α is the absorption coefficient,
kB is the Boltzmann constant, and T is the absolute
temperature of the sample.36,50,51 Equation 1 is valid for any
two-state system that can be described by a spatially
independent quasi-Fermi level splitting, which is a good
approximation for lead halide perovskite thin films in the
tetragonal phase.52,53 Considering Urbach tail absorption and a
constant absorption above the band gap, the shape of the
absorption spectrum of MAPbI3 can be satisfyingly approxi-
mated in the spectral range where PL occurs as
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E( )
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E
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with E0 being a fitting constant with a value near the band gap
energy.36 Inserting eq 2 into eq 1, it follows that the high
energy edge of the PL (i.e., E ≫ E0) is essentially determined
by exp(−E/kBT), while the low energy edge (i.e., E ≪ E0) is

proportional to ( )exp E E
E

E
k T

0

U B
. Analysis approaches based

on eq 1 have been used successfully in the past, e.g., by Fassl et
al., to extract the Urbach energy from the PL spectra of
MAPbI3.54

For extracting the Urbach energy from our PL data, we focus
on the PL of the tetragonal phase between 300 and 160 K as at
lower temperatures, additional PL contributions (such as
defect-associated PL, see, e.g., Figure S5) complicate or even
inhibit the reliable extraction of the Urbach energy from the
PL spectra. Figure 4a shows the PL spectra of the CP film

Figure 3. Phase transition analyses for CP (gray) and HP (red)
MAPbI3 thin films: (a) optical density@1.62 eV for temperatures
between 170 and 100 K extracted from absorption spectra in Figure
2a,b. (b) Derivative of (a) resulting in a peak shape, where the peak
position is associated with the critical phase transition temperature.
(c) Intensity of the PL peak attributed to the orthorhombic phase
relative to the intensity of the PL peak attributed to the tetragonal
phase for temperatures between 155 and 140 K.
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between 300 and 160 K (corresponding PL spectra of HP in
Figure S6a). At 300 K, the spectrum consists of one main peak
at 1.61 eV and a shoulder at about 1.53 eV, with the latter
being associated with a self-absorption effect. The main PL
peak originates from PL that comes directly from (near) the
surface of the sample, whereas the feature at lower energies is
caused by PL that is internally reflected and filtered by the
absorption of the sample (see Figure S6b,c).43,54,55 Upon
cooling, the PL spectrum shifts to lower energies and becomes
narrower.44,45

To extract the Urbach energies from the PL spectra, we
fitted the low energy edge of the PL based on eq 1 according to

= · ( )E E CPL( ) exp E E
E

E
k T0

0

U B
, where C is a fitting

parameter accounting for the PL intensity (exemplary fits in
Figure 4b). Figure 4c shows the extracted EU values between
300 and 160 K for both samples CP and HP. Upon cooling, EU
decreases similarly for both samples from about 14 meV at 300
K to 7.5 meV at 160 K. The extracted Urbach energies are in
very good agreement with results from our previous work
about MAPbI3 single crystals36 and the work of Ledinsky et al.
about MAPbI3 thin films.50

As mentioned above, the Urbach energy is determined by
static disorder EU

stat and dynamic disorder EU
dyn, and its

temperature-dependence can be described by50,56
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Here, EU
stat is assumed to be temperature-independent. The

temperature-dependence of EU
dyn is described in terms of the

interaction of charge carriers with phonons in the coupled

Einstein oscillator model with the Einstein temperature
Θ.49,50,56 We fitted the extracted Urbach energies in Figure
4c using eq 3 (solid lines in Figure 4c). Assuming that the
energies of the phonons interacting with charge carriers are
essentially identical for both samples, we fixed Θ = 167 K
(corresponding to a phonon energy of 14.4 meV) based on the
work of Xia et al.57 With this, we obtained EU,CP

stat = (3.61 ±
0.03) meV for CP and EU,HP

stat = (3.61 ± 0.01) meV for HP.
These static disorder values are in very good agreement with
reported values for MAPbI3 single crystals36 as well as MAPbI3
thin films, and they are remarkably low compared to classical
inorganic crystalline semiconductors (e.g., GaAs and c-Si).50

The identical values for the static disorder of both CP and
HP are somewhat surprising as differences in phase transition
behavior associated with different amounts of strain in the
samples were identified in Section 3.2.1, and strain in turn is
expected to affect the energetic disorder.18,47 One reason for
the identical EU

stat values observed in our analysis for both CP
and HP might be that PL tends to track more sites with lower
energetic disorder since charge carriers relax to beneficial sites
with lower energy before recombining radiatively.58,59 Addi-
tionally, lower nonradiative decay rates are typically present at
sites with lower energetic disorder.16,20,60 Therefore, sites with
lower energetic disorder may contribute overproportionally to
the PL spectra and obscure the signatures of sites with higher
energetic disorder. Another reason might be that PL, which
mainly probes the top side of the films,48 is not bulk-sensitive
enough to detect strain-associated energetic disorder from the
perovskite−substrate interface.21,61−63 A systematic investiga-
tion differentiating the above-mentioned aspects by elaborating
and applying more sophisticated Urbach analysis methods is
beyond the scope of this work, but it will be addressed in a
future study.

Figure 4. Energetic disorder analysis for pressed MAPbI3 thin films by extracting the Urbach energy from PL spectra: (a) normalized PL spectra of
a CP film in the tetragonal phase between 300 and 160 K and (b) corresponding exemplary fits of the low energy edge based on eq 1. (c) Extracted
Urbach energies from fits as shown in (b) for a CP film (gray squares) and an HP film (red triangles). The lines represent fits according to eq 3 to
extract the static disorder.
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3.2.3. Excited State Properties�Defects. Increased strain
in halide perovskite films is correlated with increased energetic
disorder,18 and increased energetic disorder in turn is related
to more defect states.16,20,22 Moreover, increased strain in
halide perovskites is known to be directly correlated with
increased non-radiative losses and defect states.17,19,21,23

Therefore, in the following, we investigate whether the larger
strain in CP identified in Sections 3.1 and 3.2.1 is reflected in
the excited state properties and thus in the defect densities. To
this end, we performed further PL analyses.

Figure 5a shows the peak positions of the direct PL signature
as a function of temperature between 300 and 160 K for both,
CP and HP (see Section S2 for details). Solid lines represent
linear fits to the data, with the corresponding slopes s serving
as a measure of the known PL red shift with decreasing
temperature (see also Figures 4a and S6a).39,44,45 The
extracted shifts of sCP = (0.32 ± 0.01) meV K−1 for CP (R2

≈ 0.99) and sHP = (0.33 ± 0.01) meV K−1 for HP (R2 ≈ 0.99)
are identical within the uncertainty of the fit. This suggests that
the additional tensile strain induced by the substrate upon
cooling19,43,62,63 is similar in CP and HP, which is reasonable
considering the identical substrate materials and the similar
layer thickness for both samples (for details, see Section S2).
The overall peak position of HP, however, is shifted by
approximately 2 meV to higher energies compared to the
values of CP. We associate this PL peak shift between both
samples with different impacts of self-absorption on the direct
PL caused by a lower defect density near the film surface in HP
compared to CP: with lower defect density near the surface,
more direct PL is emitted closer to the surface. Thereby, the
influence of self-absorption on the direct PL is reduced,
enabling more high-energy photons to contribute to the
measured PL spectra. This, in turn, results in less peak shift to
lower energies compared to the intrinsic PL spectrum.43,64

To verify the conclusion about differences in defect densities
between CP and HP, we measured fluence-dependent PL
spectra between about 40 μJ cm−2 and 3400 μJ cm−2 at 5 K,
which are shown in the inset of Figure 5b and in detail in
Figure S7. With increasing fluence, a sharp peak arises at 1.597
eV in the PL spectra, which is attributed to amplified
spontaneous emission (ASE).65,66 In Figure 5b, the fluence-
dependent intensity of the ASE peak is shown for both CP and
HP. The ASE intensity of HP is higher by about 70−150%,
indicating higher crystallinity as well as longer charge carrier
lifetimes in HP.67,68 This is in line with the lower defect
density in HP concluded from the analyses of Figure 5a.

To extract the charge carrier lifetimes for CP and HP, we
measured TRPL of both samples at room temperature. The
results are shown in Figure 5c. Up to 0.05 μs, the PL intensity
of HP decreases faster than for CP, but it shows a slower decay
at longer times. The faster initial decrease of the PL intensity of
HP can be explained by stronger diffusion of charge carriers,69

which is consistent with a higher crystallinity of HP compared
to the CP film.70 Furthermore, the slower decay of the PL
intensity at longer times for HP indicates longer charge carrier
lifetimes in HP. We extracted charge carrier lifetimes by
applying mono-exponential fits to the tail of the PL curves at
times higher than ∼0.1 μs (see Figure S8a). As expected from
the higher crystallinity and the slower decay at longer times of
HP, the charge carrier lifetime τHP = (51.3 ± 0.4) ns of HP is
higher than the extracted charge carrier lifetime τCP = (47.8 ±
0.6) ns of CP, again indicating less defects being present in HP
than in CP.59,71

Since CP and HP show different degrees of preferred
orientation (see Figure 1f), we aim to correlate the charge
carrier lifetime with the degree of preferred orientation in our
samples (Figure 5d). From Figure 5d right panel, it appears
that the charge carrier lifetime increases with increasing

Figure 5. Excited state properties of CP (gray) and HP (red) MAPbI3 thin films: (a) PL peak position between 300 and 160 K with linear fits. (b)
Fluence-dependent ASE peak intensity@5 K and inset with corresponding exemplary PL spectra. (c) TRPL curves measured at room temperature
with extracted lifetimes from the mono-exponential tail. (d) Left panel: lifetimes dependent on 002-preferred orientation after temperature cycling,
i.e., cooling the sample to 5 K for the temperature-dependent measurements and heating it back to room temperature. Right panel: lifetimes
dependent on the 110-preferred orientation without temperature cycling measured at room temperature.
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orientation of the (110) plane parallel to the substrate, i.e.,
from CP to HP. We note that this increase might be promoted
by the larger grain sizes in HP. Remarkably, after a temperature
cycle (i.e., cooling the sample to 5 K for the temperature-
dependent measurements and heating it back to room
temperature), the preferred orientation parallel to the substrate
changed for both samples toward a 002-preferred orientation,
where the CP sample shows a more pronounced 002
orientation than HP (Figure S8c,d). Here again, the charge
carrier lifetime increases with increasing orientation, this time
from HP to CP (see Figure 5d left panel) though CP consists
of smaller grains than HP.

The crystallographic reorientation upon temperature cycling
through a phase transition accompanied by a fusion of grain
domains (Figure S9a) observed in our case has also been
observed by Kavadiya et al. for the transition between
tetragonal and cubic phases72 as well as by Osherov et al. for
the transition between tetragonal and orthorhombic phases.31

By temperature-dependent XRD measurements, Osherov et al.
found these morphological changes in MAPbI3 thin films not
to occur in the course of the initial phase transition during
cooling but after the subsequent phase transition upon
reheating the films.31 We speculate that the overall decreased
charge carrier lifetimes of the films after temperature cycling
(Figure 5d) result from a detrimental effect of the
morphological changes in the course of temperature cycling.

However, stronger crystallographic orientation−preferred
either in the (110) or in (002) plane−in general seems to
result in an increased excited state lifetime (Figure 5d). This
might be related to the quality of the grain boundaries, which is
expected to improve for a more aligned orientation of adjacent
grains.46 This observation is an interesting qualitative insight,
possibly highlighting the importance of the degree of
crystallographic orientation for the optimization of the
perovskite’s optoelectronic properties. In this regard, a detailed
study about the correlation between crystallographic orienta-
tion and excited state properties would be interesting in the
future, including consideration of aspects such as in-plane
orientation or the role of a certain amount of PbI2 present in
the films due to processing and degradation.

4. CONCLUSIONS
In summary, we investigate the influence of small morphology
differences in MAPbI3 thin films on phase transition, energetic
disorder, and defects by detailed PL and absorption analyses.
To this end, MAPbI3 thin films are manufactured via a two-
step processing method comprising MAPbI3 film deposition
via PADM and pressing as post-treatment. By higher pressing
temperature, we induce small increases in grain size and
preferred orientation in the thin films.

The larger grains and increased orientation of the (110)
plane parallel to the substrate go along with a higher phase
transition temperature concluded from temperature-dependent
PL and absorption analyses, which we attribute to less strain in
HP samples. Although strain is known to correlate with
energetic disorder, our Urbach analyses from temperature-
dependent PL spectra do not show differences in static
disorder between CP and HP films. However, differences in
the excited state properties are observed. Here, a lower defect
density in films with increased grain size and a higher degree of
110-preferred orientation is found from fluence-dependent and
transient PL measurements. The observed interdependency of
strain and defect density with grain size and orientation

suggests that small differences in energetic disorder are indeed
present. More sophisticated analysis methods of the optical
spectra as they are currently developing73,74 yield high
potential to fully resolve these small differences in the future.
Increased 110- or 002-preferred orientation is observed to
result in longer charge carrier lifetimes. This emphasizes that
besides the commonly considered grain size, the degree of
orientation also seems to play an important role regarding the
optoelectronic properties of halide perovskite thin films.

Thus, with the insights gained in this work, it will be possible
to better understand and advance the functionality of halide
perovskite-based optoelectronic devices such as solar cells in
the future.
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1. Film Preparation 

Figure S1: Dry powder-based two-step processing method for MAPbI3 thin films: (a) Film formation 

via powder aerosol deposition method by using MAPbI3 powder. Adapted under the terms of the 

CC-BY license.1 Copyright 2016, the authors. Published by MDPI AG. (b) Post-treatment by (hot-) 

pressing the thin films with a home-built manual press. (c) Image of an as prepared MAPbI3 thin film 

(hot-pressed) on a glass substrate. Temporal evolution of pressure and temperature of (d) a cold-

pressed (CP) and (e) a hot-pressed (HP) film. 

For the film formation we used the so-called powder aerosol deposition method (PADM) 

illustrated in Figure S1a. In this method, a dry powder aerosol is formed from 

mechanochemically synthesized MAPbI3 powder in the aerosol generation unit using a carrier 

gas (for details regarding the powder synthesis see Experimental Section and Leupold N. et al. 

ACS Applied Materials & Interfaces 2019, 11, 30259-302682). Then the powder aerosol is 

transferred to the evacuated deposition chamber, where it is further accelerated by a nozzle 

and directed onto a glass substrate (3 mm thickness). When the powder particles impact the 

substrate, they break up, bond, and form a dense layer at room temperature. For more details 
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on PADM we refer to reviews by Hanft et al.,3 Schubert et al.,4 and Akedo.5-6 For our work, 

before deposition, the powder was dried at 120 °C for 1h. For deposition a total flow rate of 

22.5 l/min helium, 0.5 to 1 g of powder, a scan rate of 1 mm/s, at least 24 scans and a 

substrate-to-nozzle distance of 3 mm were used. 

Pressing served as post-treatment for the deposited MAPbI3 films. For this purpose, a manual 

press was used (sketch in Figure S1b), where pressure can be applied by turning down the 

installed press stamp. The glass stamp, attached to the metal stamp via heat-conducting 

paste, was silanized to prevent sticking of the MAPbI3 layer. The substrate with the MAPbI3 

film was placed in a press mold. A Teflon plate was placed under the substrate to compensate 

for possible height differences and thus ensure uniform pressure distribution on the film. The 

pressure was monitored via the pressure sensors below the press mold. For hot-pressing, the 

press stamp was heated with two heating cartridges and the temperature was controlled with 

a PT100 sensor. The temperature could be recorded via the used temperature controller. 

Figure S1d,e show the time profile of pressure and temperature for a MAPbI3 thin film pressed 

at room temperature (CP) and a MAPbI3 thin film pressed at elevated temperature (about 

100 °C, HP).  

Grain sizes were determined for two CP/HP sample pairs from top-view SEM images (Figure 

1a,b and Figure S2) using the software imageJ. The grain boundaries were traced with imageJ 

and the area of all grains completely shown in the image was determined (exemplary selection 

of grains for a HP film in Figure S3b). An equivalent diameter of a circle was calculated from 

the area of each grain and referred to as grain size. From all considered grains of a sample, the 

mean diameter and standard deviation were calculated. The resulting average grain sizes for 

the sample pair A of (150 ± 75) nm for the CP film and (220 ± 110) nm for the HP film are in 

good agreement with those of the sample pair B with (130 ± 85) nm for the CP film and (250 

± 150) nm for the HP film (Figure S2). 
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Figure S2: Grain sizes of cold-pressed (CP, grey) and hot-pressed (HP, red) MAPbI3 thin films: (a, b) 

Top-view SEM images and (c) corresponding grain size distributions for the CP/HP sample pair shown 

in the main text. (d, e) Top-view SEM images and (f) corresponding grain size distributions for an 

additional CP/HP sample pair. 

 

The XRD patterns over the entire recorded angular range from 10° to 45° (Figure S3c) are 

consistent with expectation for MAPbI3 and show that, apart from a small PbI2 reflex at 12.7°, 

the films are phase pure.2 The fits from Rietveld Refinement were applied in the angular range 

from 19° to 45°, as below 15° the measured intensity may be slightly changed due to X-ray 

radiation blocked by the sample holder. 

0
20
40
60
80

100
120

C
o

u
n

ts

CP

25 125 225 325 425 525 625 725
0

10

20

30

C
o

u
n

ts

Grain Size / nm

HP

0
20
40
60
80

100
120

C
o

u
n

ts

CP

25 125 225 325 425 525 625 725
0

10

20

30

C
o

u
n

ts

Grain Size / nm

HP

a) d)

c)

C
o

ld
-P

re
s
s
e

d
(C

P
)

H
o

t-
P

re
s
s
e

d
(H

P
)

b) e)

f)

CP CP

HP HP

Sample pair A Sample pair B

(150 ± 75) nm 

(220 ± 110) nm (250 ± 150) nm 

(130 ± 85) nm 

150 12. Orientation and Grain Size in MAPbI3 Thin Films: Influence on Phase Transition, Disorder, and Defects



S5 
 

 

Figure S3: Morphology investigations of pressed MAPbI3 thin films: (a) Cross-section SEM image of a 

CP film. (b) Grain size analysis via imageJ software from the top-view SEM image of an HP film shown 

in Figure 1b in the main text. (c) Normalized measured XRD patterns of a CP film (grey line) and an 

HP film (red line) in the entire measured angular range from 10° to 45° (top panel) and applied fits 

to the measured XRD patterns (orange lines) from Rietveld refinement in the angular range from 19° 

to 45° (bottom panel). 

 

To investigate the influence of hot-pressing on the stoichiometry of our MAPbI3 films, we 

measured XPS spectra (Figure S4) of a MAPbI3 film before pressing (pristine, grey) and after 

hot-pressing (HP, red). 

The XPS spectra give compositional information of the film surface and were measured with 

a PHI 5000 Versa Probe III Scanning XPS Microscope (ULVAC-PHI). An area of 300 µm x 300 µm 

in the center of the film was scanned by a microfocused Al Kα X-Ray beam (E = 1486.6 eV, 25 

W, 100 µm) and the analyzer. The take-off angle of the photoelectrons was set to 45° and a 

dual-beam charge neutralizer was utilized for charge compensation. 
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Figure S4: Normalized XPS spectra of a MAPbI3 film before (pristine, grey) and after hot-pressing (HP, 

red). 

 

The relevant peaks for the stoichiometry analysis of our MAPbI3 (CH3NH3PbI3) film 

corresponding to I3d, N1s, C1s and Pb4f are labeled in Figure S4 (H1s cannot be detected).7 

Overall, the spectra of the pristine and hot-pressed film appear similar at first. However, after 

hot-pressing an additional small peak corresponding to O1s at about 530 eV appears, as the 

hot-pressing is performed at ambient conditions. Furthermore, the peak intensities 

corresponding to I3d and Pb4f indicate a lower I:Pb ratio after hot-pressing. To quantify this, 

we determined the atomic concentrations from detail scans of the labeled peaks after 

background correction by evaluating the area under the peaks (for which the peaks were 

fitted). The atomic concentrations for I and Pb and the resulting I:Pb ratio for the pristine and 

hot-pressed film are summarized in Table S1. The I:Pb ratio of 3.08 for the pristine film is close 

to the expected value of 3. After hot-pressing the I:Pb ratio is reduced to a value of 2.76, which 

indicates more PbI2 being present at the film surface of HP. This is in line with the increased 

amount of PbI2 in the HP sample observed in XRD patterns. 

 

MAPbI3 film I / % Pb / % I:Pb 

pristine  47.38  15.37   3.08 

HP  40.63  14.72   2.76 
 

Table S1: Atomic concentrations of I and Pb and resulting I:Pb ratio extracted from the XPS spectra 

of a MAPbI3 film measured before pressing (pristine) and after hot-pressing (HP). 
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As discussed in Section 3.2.1 in the main text, a decreased phase transition temperature is 

associated with an increased amount of strain located at the grain boundaries. As an increased 

amount of PbI2 indicates imperfections / iodide vacancies in the film, it may be conceivable 

that PbI2 leads to additional distortion related strain which further lowers the phase transition 

temperature. 

In a previous work about solution processed MAPbI3 thin films, an increased PbI2 content was 

found to correlate with decreased grain size and lower phase transition temperature,8 

indicating that strain at the grain boundaries and/or PbI2 induced distortion related strain are 

responsible for lower phase transition temperatures. In the current work, however, an 

increased PbI2 content in the HP film goes along with a higher grain size and increased phase 

transition temperature, emphasizing strain at the grain boundaries to be the main aspect to 

impact the phase transition temperature. In contrast, PbI2 induced distortion related strain 

seems not to have a significant effect on the phase transition temperature. The work of 

Rothmann et al. supports the minor relevance of PbI2 induced distortion related strain, as 

atomic-resolution LAADF micrographs of FAPbI3 show distortion-free transitions between 

FAPbI3 and PbI2.9 Therefore, we conclude that strain at grain boundaries and thus the grain 

size is mainly affecting the phase transition temperature, whereas PbI2 induced strain is 

negligible and thus not relevant regarding the phase transition.  
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2. PL Spectra 

Figure S5: PL spectra of MAPbI3 thin films in the phase transition region between 160 K and 120 K: 

PL spectra of (a) a CP film and (b) an HP film. (c) Normalized PL spectra of a CP film (solid lines) and 

an HP film (dashed lines). 

The PL spectra between 300 K and 160 K (Figure S6a, Figure 4a in the main text) show a red-

shift with decreasing temperature, in line with literature.10-11 PLdirect peak positions were 

determined from the center of Gauss fits to the PLdirect peaks in the PL spectra. The red-shift 

was evaluated by the slope of linear fits to the temperature-dependent direct PL peak 

positions (see Figure 5a in the main text). The red-shift is identical within the uncertainty of 

the linear fits for both CP and HP with a value of about 0.32 meV K-1. This value is in good 

agreement with reported values for halide perovskites.12-13 In the past, it was found that in-

plane tensile strain is induced by the substrate upon cooling due to its lower thermal 

expansion coefficient compared to the perovskite layer.14-15 This substrate induced tensile 

strain hinders the perovskite lattice constant to decrease during cooling, resulting in a 

decreased temperature-dependent PL peak shift.12-14 Since our PL shifts for CP and HP are 

identical, we conclude that the substrate induced tensile strain is similar in both samples, 
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which is reasonable with regard to the same substrate materials and the similar film thickness 

of both samples. 

Figure S6: PL in MAPbI3 thin films: (a) Normalized PL spectra of an HP film in the tetragonal phase 

between 300 K and 160 K. (b) Normalized PL spectrum of a CP film at 260 K with arrows indicating 

the direct PL peak and the shoulder due to filtered PL. (c) Illustration of emitted PL after excitation 

of a MAPbI3 thin film on a glass substrate: After excitation (blue arrow) direct PL (red arrows) is 

emitted from (near) the surface. In addition, filtered PL (orange arrows) is emitted, which is PL 

travelling through the film, getting internally reflected and overall filtered by the absorption of the 

sample. 

Figure S7: Fluence-dependent PL spectra of (a) a CP and (b) an HP MAPbI3 thin film measured at 5 K. 
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3. PL Lifetime and Orientation 

After temperature cycling (cooling from 300 K to 5 K and reheating to 300 K), our MAPbI3 thin 

films exhibit morphological changes reflected in reorientation from the 110- to the 002-

preferred orientation (see Figure S8b,c,d) and in the formation of strongly fused grain domains 

   

Figure S8: (a) TRPL curves of CP and HP MAPbI3 thin films without (grey and red solid lines) and with 

(grey and orange dashed lines) temperature cycling. To extract charge carrier lifetimes, mono-

exponential fits were applied to the tail of the PL curves (black solid lines). XRD pattern of the 002, 

110 reflex pair for a CP (grey) and an HP (red) MAPbI3 thin film (b) without and (c) with temperature 

cycling. The inset in (c) shows a cross-section SEM image of a CP film with a crack throughout the 
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film thickness after temperature cycling. (d) Sketch of MAPbI3 unit cell with 110 (blue) and 002 

(yellow) planes indicated.  

(separated by cracks, see inset in Figure S8c and Figure S9a). Crystallographic reorientation in 

MAPbI3 thin films due to temperature cycling through phase transitions as well as associated 

fusion of grains and grain domains have already been observed earlier.16-17 Osherov et al. have 

investigated the morphological changes due to temperature cycling across the transition 

between tetragonal and orthorhombic phase using temperature-dependent XRD 

measurements. They observed that reorientation does not yet occur when MAPbI3 thin films 

are cooled below the phase transition temperature but when they are reheated and pass the 

phase transition again. Since reorientation has been observed only in MAPbI3 thin films and 

not in MAPbI3 powder samples, Osherov et al. suggest that the morphological changes result 

from the (hindering or promoting) influence of the substrate in the alignment of 

crystallographic domains.17 During temperature cycling, such an influence of the substrate can 

possibly result from the thermal coefficient mismatch between the glass substrate and the 

perovskite layer.14 We suppose that similar to the morphological changes observed by 

Osherov et al., morphological changes were induced in our MAPbI3 thin films by temperature 

cycling between 300 K and 5 K. In parallel to the observations of Osherov et al. we assume 

that the morphological changes occur when the phase transition is crossed during reheating.17 

Therefore, all optical measurements in this work, which were already recorded in the first part 

of the temperature cycle during cooling, are considered as unaffected by the discussed 

morphological changes, i.e., reorientation and fusion of grain domains with associated 

formation of cracks. Microscope images of an HP film during a temperature cycle between 

300 K and 80 K (see Figure S9b,c and end of this Section), which show no formation of cracks, 

support our assumption that our optical measurements taken during initial cooling are 

unaffected by morphological changes. In addition, morphological changes in our MAPbI3 thin 

films seem to occur only when the temperature is cycled significantly below the phase 

transition, e.g., down to 5 K (Figure S9a). 

The microscope images of an HP film (pressing temperature about 120 °C) during a 

temperature cycle between 300 K and 80 K (Figure S9b,c) were taken with a digital microscope 

(Keyence VHX 970F with VH-Z250L objective). The microscope images were taken through the 

window of a LINKAM stage (THMS600 heating and freezing stage system, Serial No. DV1558-
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0009 THMS600E-4), in which the MAPbI3 thin film was placed for temperature cycling. A 

nitrogen atmosphere was created in the LINKAM stage before the start of the temperature 

cycle to prevent moisture from condensing on the film during cooling. Cooling of the sample 

in the LINKAM stage was performed by a nitrogen flow from a liquid nitrogen tank through 

the sample holder in the LINKAM stage using a LNP95 cooling pump. Warm recycled nitrogen 

gas was blown across the window of the LINKAM stage to avoid condensation. In addition to 

cooling with nitrogen flow, a heating unit integrated in the LINKAM stage was also provided 

for temperature control. The temperature was controlled and recorded via a controller with 

the LINK software. 

Figure S9: (a) Top-view SEM image of an HP MAPbI3 thin film after temperature cycling between 

300 K and 5 K. (b) Temperature as a function of time during a temperature cycle between 300 K 

and 80 K and (c) top-view microscope images of an HP MAPbI3 thin film during the temperature 

cycling shown in (b) at different times as indicated (also see red open circles in b). The microscope 

images show no cracks even when crossing the phase transition.  
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ABSTRACT: We present three new hybrid layered lead(II) bromide perovskites of
generic composition A2PbBr4 or AA′PbBr4 that exhibit three distinct structure types.
[TzH]2PbBr4 ([TzH

+] = 1,2,4-triazolium) adopts a (001)-oriented layer structure and
[AaH]2PbBr4, ([AaH

+] = acetamidinium) adopts a (110)-oriented type, whereas
[ImH][TzH]PbBr4, ([ImH+] = imidazolium) adopts a rare (110)-oriented structure
with enhanced corrugation (i.e., 3 × 3 type). The crystal structures of each are
discussed in terms of the differing nature of the templating molecular species.
Photoluminescent spectra for each are reported and the behaviors discussed in relation
to the different structure of each composition.

■ INTRODUCTION

The promising photophysical properties and enormous
chemical and structural diversity shown by lead(II) halide
perovskites (LHPs) has led to a considerable amount of
exploratory synthetic work in this field.1,2 Among these, lower-
dimensional layered perovskites can be imagined as structural
derivatives of the ABX3 composition aristotype cubic perov-
skite structure, formed by slicing along specific crystallographic
directions, and inserting additional moieties between these
layers. Thus, the (001)-oriented perovskites can be regarded as
derived from “slicing” along the (001) planes of the parent
perovskite structure as shown in Figure 1a, resulting in trans

ligands of the octahedral framework being terminal. The
(001)-oriented layered perovskites are evidently particularly
tolerant not only to inorganic but also organic interlayer
components, producing a great diversity of compositional and
structural variants. A related series of layered structure types,
the (110)-oriented layered perovskites, can be regarded as
derived from the parent ABX3 perovskite by slicing along
(110) planes, resulting in cis ligands of the octahedral
framework being terminal. Depending on the degree of
corrugation that occurs within the layers, these structures can
be described as 2 × 2, 3 × 3, etc., as shown in Figure 1b.3

A further degree of variability, common to each of these
generic families, is that it is feasible to incorporate either one or
two distinct cations in the interlayer region, leading to generic
compositions ABX4 or AA′BX4 (in the case of a single
octahedral layer). Manipulations at the A and A′ sites can
obviously lead to consequent modifications to the arrangement
of the perovskite-like layers themselves, thus helping to tailor
the resultant physical properties. In the case of the (001)-
oriented layers and in the field of purely inorganic perovskites,
the two generic families are the well-known Dion−Jacobson
(DJ)4 and Ruddlesden−Popper (RP)5 series, having stoichio-
metries ABX4 and AA′BX4, respectively, for examples with

Received: June 30, 2020
Published: August 11, 2020

Figure 1. Schematic dimensional reduction of parent cubic perovskite
to (a) (001)-oriented and (b) (110)-oriented layered perovskites.
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single octahedral layers. The corresponding inorganic-only
(110)-oriented phases are much less common.6 Indeed, the
same can be said of the corresponding LHPs, where there are
now countless examples of the (001)-type,2 but still only a
handful of the various (110)-types.2,7−9 In the case of LHPs,
the ABX4 variant must contain a single divalent organo-cation,
whereas the AA′BX4 analogue will contain two (same or
distinct) monovalent organic cations.7

In our previous work,7 we reported two examples of the
latter series, i.e., the 2 × 2 (110)-oriented structure type. We
specifically chose two similarly sized, disc-shaped monoproto-
nated amines, in order to explore structure-directing effects,
based on both size and H-bonding preferences, to produce
[ImH][GuH]PbBr4 (“IGPbBr4”) and [TzH][GuH]PbBr4
(“TGPbBr4”); [ImH+] = imidazolium, [TzH+] = 1,2,4-
triazolium, [GuH+] = guanidinium). In the present work, we
present another three new AA′BX4 type LHPs: [TzH]2PbBr4
(“T2PbBr4”), [AaH]2PbBr4 (“A2PbBr4”; [AaH

+] = acetamidi-
nium), and [ImH][TzH]PbBr4 (“ITPbBr4”). Interestingly,
they adopt three different structure types, viz. (001) for
T2PbBr4, 2 × 2 (110) for A2PbBr4, and 3 × 3 (110) for
ITPbBr4. The crystal structures are discussed in detail in order
to inform future considerations of the “designability” of these
various structure types.

■ EXPERIMENTAL SECTION
Synthesis. 1,2,4-Triazole (C2H3N3, 99%), acetamidine hydro-

chloride, (C2H6N2·HCl, 97%), imidazole (C3H4N2, 99%), lead(II)
bromide (PbBr2, ≥ 98%), and hydrobromic acid (HBr, 48%, w/w
aqueous solution) were purchased from Alfa Aesar. Diethyl ether
((C2H5)2O, 99.5%) was purchased from Sigma-Aldrich. All chemicals
were directly used without further purification.
The title compounds, T2PbBr4, A2PbBr4, and ITPbBr4, were

crystallized by a slow evaporation method.
T2PbBr4 (C4H8N6PbBr4), 1,2,4-triazole (276 mg, 4 mmol), and

PbBr2 (734 mg, 2 mmol) were dissolved in conc. HBr (3 mL) with
moderate heating. By cooling for a few hours, bright yellow, plate-
shaped crystals were obtained. These crystals were filtered and washed
with diethyl ether (yield 48% based on PbBr2). Elemental anal. Calcd.
(%) for T2PbBr4: C, 7.20; H, 1.21; N, 12.60. Found: C, 7.37; H, 1.15;
N, 12.53.
A2PbBr4 (C4H14N4PbBr4), acetamidine hydrochloride (1890 mg,

20 mmol), and PbBr2 (734 mg, 2 mmol) were dissolved in conc. HBr
(6 mL) with moderate heating. By cooling for a few hours, colorless,
plate-shaped crystals were obtained. These crystals were filtered and
washed with diethyl ether (yield 41% based on PbBr2). Elemental
anal. Calcd (%) for A2PbBr4: C, 7.45; H, 2.19; N, 8.69. Found: C,
7.53; H, 2.11; N, 8.73.
ITPbBr4 (C5H9N5PbBr4), imidazole (136 mg, 2 mmol), 1,2,4-

triazole (138 mg, 2 mmol), and PbBr2 (734 mg, 2 mmol) were
dissolved in conc. HBr (4 mL) with moderate heating. By cooling for
a few hours, pale yellow, needle-shaped crystals were obtained. These
crystals were filtered and washed with diethyl ether (yield 40% based
on PbBr2). Elemental anal. Calcd (%) for ITPbBr4: C, 9.02; H, 1.36;
N, 10.52. Found: C, 8.94; H, 1.22; N, 10.54.
Characterization. Single-crystal X-ray diffraction data were

collected at 173 and 298 K on a Rigaku SCX Mini diffractometer
using Mo−Kα radiation. Data were collected using CrystalClear
(Rigaku) software.10 Structures were solved by direct methods using
SHELXT,11 and full-matrix least-squares refinements on F2 were
carried out using SHELXL-2018/311 incorporated in the WinGX
program.12 Absorption corrections were performed empirically from
equivalent reflections on the basis of multiscans by using
CrystalClear.10 Non-H atoms were refined anisotropically and
hydrogen atoms were treated as riding atoms. Powder X-ray
diffraction data were collected on a PANalytical EMPYREAN
diffractometer using Cu Kα1 (λ = 1.5406 Å) radiation in the range

of 3−70° to confirm the purity of each sample. Ambient temperature
solid UV−vis absorbance spectra of powder T2PbBr4, A2PbBr4, and
ITPbBr4 were collected on a JASCO-V550 ultraviolet−visible
spectrophotometer with a wavelength range of 200−900 nm.
Temperature-dependent, steady-state PL measurements were carried
out on powdered pellet samples of T2PbBr4, ITPbBr4, and A2PbBr4
using a home-built setup that is described in more detail elsewhere.13

In brief, the pellets were placed in a continuous flow cryostat (Oxford
Instruments, Optistat CF) connected to a temperature controller
(Oxford Instruments ITC503S) and the sample was excited with a
pulsed 337 nm nitrogen laser (LTB MNL 100). The PL-signal was
detected by a spectrograph (Andor Shamrock SR3030i) coupled to a
CCD-camera (Andor iDus420a-OE). For PLQY measurements, we
used the method described by de Mello et al.14 The samples were
excited using a 375 nm diode laser by PicoQuant and the spectra were
recorded with a CCD-camera (Andor DU420A-OE).

■ RESULTS AND DISCUSSION
Crystal Structures. The single-crystal X-ray structures

suggest no phase transitions in the regime 173 < T < 298 K, so
the crystallographic details will be discussed based on the
structures at 298 K. Details of the structures at 173 K are
provided in the Supporting Information. Crystallographic
parameters for all three structures at 298 K are given in
Table 1.

T2PbBr4. T2PbBr4 crystallizes in a (001)-oriented structure
type (Figure 2). Although octahedral tilting occurs within each
[PbBr4]∞ layer, adjacent octahedral layers occur in an almost
“eclipsed” conformation relative to each other, which
resembles the DJ rather than the RP family, despite the
A2BX4 stoichiometry. We note that there is currently
controversy regarding the naming of families of layered hybrid

Table 1. Crystal and Structure Refinement Data at 298 K

T2PbBr4 A2PbBr4 ITPbBr4

formula C4H8N6PbBr4 C4H14N4PbBr4 C5H9N5PbBr4
form wt 666.99 645.02 666.00
color/habit yellow/block colorless/block pale yellow

prism
cryst size (mm3) 0.23 × 0.17 ×

0.09
0.22 × 0.18 ×
0.13

0.21 × 0.12 ×
0.11

cryst syst monoclinic monoclinic orthorhombic
space group C2/c P21/c Pbcm
a (Å) 11.9243(9) 12.6949(9) 6.0154(5)
b (Å) 11.9327(9) 9.2998(7) 25.873(2)
c (Å) 19.3394(15) 12.2739(7) 18.9242(17
α (deg) 90 90 90
β (deg) 95.212(6) 90.996(6) 90
γ (deg) 90 90 90
V (Å3) 2740.4(4) 1448.84(18) 2945.3(4)
Z 8 4 8
ρcalcd (g/cm

3) 3.233 2.957 3.004
μ (mm−1) 23.958 22.648 22.289
F(000) 2368 1152 2368
no. of reflns collected 11310 14371 23202
independent reflns 2394 3294 2664

[R(int) =
0.0545]

[R(int) =
0.0478]

[R(int) =
0.0834]

goodness of fit 0.939 0.939 0.94
final R indices (I >
2σ(I))

R1 = 0.0245 R1 = 0.0233 R1 = 0.0259
wR2 = 0.0538 wR2 = 0.0459 wR2 = 0.0537

largest diff. peak/
hole (e Å−3)

1.504/−1.513 0.956/−1.224 1.028/−1.656
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perovskites in relation to structural and compositional
features,15 though in terms of describing and comparing
structural distortions within the inorganic layers in these
materials, such comparisons can be helpful. Although the
original naming of the RP and DJ phases referred to
compositional differences, A2′An−1BnO3n+1 and A′An‑1
BnO3n+1, respectively, a more useful distinction in the context
of LHPs regards the nature and degree of “staggering” of
adjacent perovskite-like octahedral layers. Here, we choose to
describe the present structure as related to the DJ family,
despite the compositional resemblance to the RP family, as the
octahedral layers are almost eclipsed.
The unit cell of T2PbBr4 has a 2ap × 2ap × 2cp supercell

relative to the parent DJ structure (TlAlF4), which is caused by
a combination of octahedral tilting/distortion together with
ordering of [TzH+] cations over two distinct sites and the
cooperative minor staggering of adjacent octahedral layers.
Figure 2 shows the packing arrangement, together with the H-
bonding of the [TzH+] moieties to the inorganic layers. The
driving force for this expanded supercell may be broken down
into the effects of octahedral tilting together with the effects of
the arrangement of the organic species. In the notation used by
Li et al.,16 the tilt system of T2PbBr4 is an unusual one: a−b0c,
signifying rotation of octahedra around the c-axis and out-of-
phase tilting of adjacent octahedra along only one of the in-
plane axes. These tilt modes acting alone would lead to a
supercell 2ap × 2ap × cp in space group C2/m, with perfectly
eclipsed octahedral layers: it can be seen that the additional c-
axis doubling is due to the slight staggering of the adjacent
layers, in an antiferrodistortive style along the b-axis,

presumably caused by accommodation of the interlayer
species. Tremblay et al.17 have discussed the nature and
variable extent of staggering of octahedral layers (i.e., the
transition from “DJ-like” to “RP-like”), which serves as a useful
parameter for comparison of structures of this type. We can
find no previous example of a similar 2ap × 2ap × 2cp supercell
for a LHP of APbX4, A2PbX4, or AA′PbX4 composition. The
near-eclipsing of adjacent [PbBr4]∞ layers leads to noticeably
short interlayer Br---Br nonbonded contacts of 4.096(1) Å. We
can also find no previous examples of such a short interlayer
contacts in a single-layer LHP, although Ke et al.18 suggest I---I
distances of around 4.2 Å in some iodide members of this
family.
The different distortion modes, i.e., the distinct octahedral

tilting schemes and the presence or absence of staggering of
adjacent layers, which occur in T2PbBr4 and related materials,
are most easily identified using the online software
ISODISTORT,19 which uses a normal-mode analysis: further
details for T2PbBr4 are given in the Supporting Information. A
similar analysis of all previously reported APbX4 or A2PbX4
LHPs may be enlightening for the understanding of structure-
directing effects of other amines, but this is beyond the scope
of the present work.
Selected geometrical parameters and octahedral distortion

parameters are given in Table 2. It can be seen that the two
nitrogen atoms in the 1-position of the triazolium participate in
two H-bonds each to Br; in contrast, the two in the 4-position
only donate a single H-bond to Br. There are no H-bonds
between triazolium moieties (Table S2).

A2PbBr4. A2PbBr4 crystallizes in a “corrugated 2 × 2 layer”
(110)-oriented structure type (Figure 3). The unit cell and
space group, P21/c, are consistent with a slight distortion of the
framework (i.e., octahedral tilts and distortions) of the type
seen in the first reported all-inorganic example of this structure
type, NdBaInO4.

20 The aristotype phase of the AA′BX4 (110)-
type (i.e., no octahedral tilting) has space group Cmcm, typified
by NdBaScO4.

6 This higher symmetry structure has not yet
been seen among the known LHPs. The specific type of
distortion (i.e., unit-cell metrics and space group) seen here for
A2PbBr4 has previously been observed in [(aminoethyl)-
isothiourea]PbBr4

21 but this is the first example of a LHP with
this structure type of the formula AA′BX4.
As is the case in T2PbBr4, there is only one crystallo-

graphically unique Pb site but two distinct [AaH+] sites. The
intralayer acetamidinium forms H-bonds only to the nearby

Figure 2. Crystal structure of T2PbBr4.

Table 2. Selected Geometrical and Octahedral Distortion Parameters at 298 K

T2PbBr4 A2PbBr4 ITPbBr4

Pb1 Pb1 Pb1 Pb2

Pb−Br (Å) 2.9841(6) 2.8901(5) 3.0023(7) 2.9082(6)
2.9924(3) 2.9141(5) 3.0024(7) 2.9082(6)
3.0041(8) 2.9297(5) 3.0024(9) 3.0027(9)
3.0055(7) 3.1395(5) 3.0130(9) 3.0127(9)
3.0157(3) 3.2112(5) 3.0152(6) 3.1597(6)
3.0282(7) 3.3221(5) 3.0152(6) 3.1598(6)

Pb−Br−Pb (deg) 162.92(4) 162.35(2) 171.41(2)
165.82(3) 166.45(2) 179.53(4)
169.54(4) 180

Br−Pb−Br range (deg) 81.921(15)-97.984(15) 80.551(16)-99.560(16) 85.616(13)-94.384(13) 85.233(11)-94.767(11)
Δd (×10−4) 0.23 29.16 0.04 11.70
σ2 33.56 26.12 7.01 26.58
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[PbBr4]∞ layer, whereas the interlayer [AaH+] forms H-bonds
to adjacent inorganic layers via N1 and N2. Among the
relatively small number of reported 2 × 2 (110)-oriented
layered hybrid perovskites, we have found only six that have a
stoichiometry AA′BX4 rather than ABX4.

7,8,22,23 Four of these
contain guanidinium [GuH+]: [GuH]2PbI4, [GuH]2SnI4,
[ImH][GuH]PbBr4, and [TzH][GuH]PbBr4. The latter two
examples are interesting, as they show that [GuH+] is capable
of occupying either the intralayer or interlayer site, depending
on competition between [GuH+] and the second organic
moiety. The occupation of both sites simultaneously by
[GuH+] has recently been reported in a related 3 × 1 (110)-
oriented perovskite, [GuH]1.5[4Me-ImH]0.5SnI4.

24 In [TzH]-
[GuH]PbBr4, it is perhaps surprising that [TzH

+] occupies the
intralayer site. This was discussed by Guo et al.:7 the ionic sizes
of [GuH+] and [TzH+] are approximately the same, and it was
reasoned that intermolecular [GuH+]---[TzH+] hydrogen
bonds may play a significant role in stabilizing the cation
ordering in that case. Because [AaH+] is anticipated to be
approximately the same size as [GuH+], it may be no surprise
that A2PbBr4 adopts the (110)-oriented structure rather than
any (001)-oriented option. The H-bonding options are, of
course, more restricted for [AaH+] versus [GuH+]. Never-
theless, Figure 3 and Table S4 show that there is interlayer H-
bonding present here via the interlayer [AaH+].
Selected geometrical parameters for A2PbBr4 are given in

Table 2. Although there are currently only a small number of
(110)-oriented LHPs, these display quite a diversity of specific
structural distortions (i.e., unit cell metrics and space groups
derived from the aristotype phase). We therefore offer no
universal trends regarding the nature of these distortions versus
compositional features, in terms of interlayer interactions and
other longer-range structural features. Moreover, there appears
little systematic behavior regarding the local structural features
within this family, such as the level of individual PbX6
octahedral distortions and interoctahedral angles. Among the
known (110)-oriented structure layered hybrid perovskites of
AA′BX4 stoichiometry, A2PbBr4 is seen to exhibit the largest
octahedral distortions and among the largest interoctahedral
distortions (i.e. B−X−B bond angles, Table 3). This is seen,
for example, in comparing to the two previous A2BX4
compositions, [GuH]2PbI4 and [GuH]2SnI4, in their mono-
clinic polymorphs, which exist close to room temperature:
these compounds show the largest interoctahedral distortions
of this family. Surprisingly, and for reasons we cannot explain,

perhaps the closest compositional analogue to A2PbBr4,
[GuH]2PbBr4 does not adopt a (110)-oriented structure,
instead preferring an unusual chainlike structure.25 The series
of [3APr]PbX4 structures,26 for X = Cl, Br, I, are also
compared in Table 3. This also suggests little direct correlation
of distortion parameters versus the nature of X, based on the
existing small data set.

ITPbBr4. ITPbBr4 adopts an unusual variant of the (110)-
oriented structure, which has also been described as a
“corrugated 3 × 3 layer” structure. This structure type contains
rows of alternating cis- and trans-shared octahedra linked into
(110) sheets (Figure 4). There are only four previously

reported examples of this structure type: [α-DMEN]PbBr4
([DMEN]2+ = 2-(dimethylamino)ethylammonium),3 [ImEA]-
PbI4 ([ImEA]2+ = imidazoliumethylammonium),27 and
[4NPEA]PbX4 (X = Br or I; 4NPEA = 4-nitrophenylethy-
lammonium).28 ITPbBr4 is therefore the first example of a
bromide of this structure type incorporating two distinct

Figure 3. Crystal structure of A2PbBr4.

Table 3. Octahedral and Interoctahedral Distortions of
Known (110)-Oriented Layered Hybrid Perovskites

Δd (×10−4) σ2 B−X−B (deg)

A2PbBr4 29.16 26.12 162.35(2)
166.45(2)

[ImH][GuH]PbBr4
7 8.91 7.71 178.10(7)

180
[TzH][GuH]PbBr4

7 7.59 22.06 171.51(3)
180

[FA][HEA]PbBr4
8 5.70 11.59 173.13(6)

13.66 14.46 177.96(4)
[GuH]2PbI4

22 7.78 12.65 154.27(2)
157.35(2)

11.16 8.41 158.42(2)
176.06(2)

[GuH]2SnI4
22 20.06 6.78 157.08(2)

159.63(2)
23.47 6.14 161.48(2)

177.10(2)
[IFA][MA]SnI4

23 2.02 7.77 173.30(10)
180

[3APr]PbCl4
26 12.32 34.50 169.70

170.50
[3APr]PbBr4

26 9.81 21.07 171.31
173.24

[3APr]PbI4
26 11.92 22.04 169.58

178.18

Figure 4. Crystal structure of ITPbBr4.
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molecular species. The two distinct types of PbX6 octahedra
(i.e., cis and trans ligands being terminal, respectively) in each
case show very different degrees of distortion, with the trans
site being much more regular (Table 2).
The unit-cell metrics of this type of structure, in its simplest

form, are characterized by two axial lengths determined by the
geometry of the linked PbX6 octahedra and one dictated by the
packing of the adjacent layers, and the nature of the interlayer
moieties. Thus, an axial length of around 19 Å along the
corrugation direction of the [PbX4]∞ sheet (c-axis in ITPbBr4,
Figure 4) arises from the lateral edge-to-edge width of four
linked octahedra. A length of about 6 Å derives from the Pb−
Br−Pb distance between two vertex-linked octahedra perpen-
dicular to this (a-axis in ITPbBr4), and a variable interlayer
distance is dictated by the nature and packing of the organic
moieties (b ≈ 26 Å in ITPbBr4). By comparing the metrics of
the known examples of this structure type (Table S9), it can be
seen that ITPbBr4 has one the “simplest” variants of this basic
unit cell, exhibiting the simple 6 Å metric perpendicular to the
corrugation direction, whereas each of the other examples has a
doubled axis, because of octahedral tilting. Interestingly, only
one example ([ImEA]PbI4) has a structure where the
interlayer unit-cell axis represents the distance between
adjacent [PbX4]∞ sheets: each of the others has a doubled
axis here, apparently due to alternating orientations of the
interlayer moieties.
There are no direct interlayer links via H-bonding in

ITPbBr4, although there are [ImH+]---[TzH+] H-bonds
between the moieties that both interact with the same
[PbBr4]∞ sheet. Because our previous study7 suggested that
[ImH+] and [TzH+] are approximately the same size, it seems
that these H-bonding preferences may play a subtle role in
dictating the observed cation ordering (i.e., ordering of [ImH+]
into the intralayer sites in this structure) although this
suggestion can only be speculative. Indeed, the features that
favor the adoption of the 3 × 3 layer structure itself, rather
than some of the possible competing polymorphs, are not clear
from the limited amount of data available at this stage. It is
likely that the energy landscapes discriminating different
polymorphs in some of these systems are rather “flat”, for
example, [DMEN]PbBr4 crystallizes in two distinct poly-
morphs, the thermodynamically stable α-phase, having the 3 ×
3 layer structure and the β-phase, the kinetic product, having a
(001) layer structure.3

Photophysical Properties. UV−Vis. All three absorption
spectra (Figure 5) revealed features similar to previously
reported 2D layered LHPs, viz., two separated absorption
peaks.7,29−31 That is, T2PbBr4 has two absorption peaks at 3.05
eV (407 nm) and 2.85 eV (435 nm), ITPbBr4 has peaks at
3.27 eV (379 nm) and 3.02 eV (411 nm), and A2PbBr4 has
peaks at 3.56 eV (348 nm) and 3.29 eV (377 nm).
From these spectra, it also becomes clear that the energetic

spacing between the two peaks increases from 0.20 and 0.25
eV to 0.27 eV for T2PbBr4 and ITPbBr4 to A2PbBr4,
respectively. The peaks at lower energies can be attributed to
exciton absorption in each system,32,33 which precludes
extracting the fundamental band gap with the help of a Tauc
plot.34 We thus estimate the optical gap from the absorption
onset (dashed lines in Figure 5a), which increases from 2.68
eV (463 nm) and 2.82 eV (440 nm) to 3.03 eV (409 nm)
when going from T2PbBr4 and ITPbBr4 to A2PbBr4,
respectively. The increasing optical gap and the increasing
energetic spacing between the two absorption peaks is in

agreement with the idea of a greater electronic confine-
ment,35,36 with the spread of the electron wave function being
inhibited where the connectivity between neighboring
octahedra change between cis and trans conformation
(ITPbBr4 < A2PbBr4).

37 Although the increase in optical gap
essentially stems from the “particle in a box” solution to the
Schrödinger equation,38 the increased spacing between the
absorption peaks reflects an increased exciton binding energy
with greater confinement. Correspondingly, the colors of the
three materials change from bright yellow (T2PbBr4) to pale
yellow (ITPbBr4) and then to white (A2PbBr4) (Figure 5b).

PL Spectra. Figure 6 shows the normalized PL spectra of all
three compounds when they are excited at 3.67 eV (337 nm).

The emission spectrum of T2PbBr4 shows two distinct sharp
peaks at 2.68 eV (463 nm) and 2.85 eV (435 nm). The
emission spectrum of A2PbBr4 shows a different behavior with
a broad peak at ∼1.97 eV (628 nm), corresponding to a large
energetic spacing between the PL peak and the absorption

Figure 5. (a) UV−vis absorption spectra of T2PbBr4, ITPbBr4, and
A2PbBr4 and at room temperature; the dashed lines indicate the
energy of the absorption onset. (b) Crystals of T2PbBr4, ITPbBr4 and
A2PbBr4.

Figure 6. Normalized PL spectra (excited at 337 nm) for T2PbBr4,
ITPbBr4, and A2PbBr4 at room temperature.
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peak at 3.29 eV (377 nm). Furthermore, the full width at half-
maximum (fwhm) of the broad PL peak is ∼0.72 eV (240 nm).
In contrast, two PL peaks are observed in the case of ITPbBr4.
The dominating broad signal at 1.92 eV (647 nm) has
essentially the same shape as the PL of A2PbBr4, and the PL
peak at 2.75 eV (451 nm) is in the energetic range similar to
the emission of T2PbBr4. We measured the photoluminescence
quantum efficiency PLQY at room temperature and found it to
be below 1% for all three samples. Although these values are
low compared to the highest reported PLQYs of low
dimensional lead bromide perovskites,29,39 several works also
report comparably low PLQYs.40,41

To better understand the origin of the different emitting
states, we performed temperature-dependent steady-state PL
measurements from 300 to 120 K (20 K intervals) for all three
compounds.
Figure 7 shows the temperature-dependent PL spectra for

each perovskite system. For all materials, the overall PL

intensity increases upon cooling to 120 K. For T2PbBr4, the
peak at 2.68 eV (463 nm) at 300 K gradually shifts to higher
energies upon cooling to 200 K (Figure 7a). From 200 K
onward, it retains its position and raises in intensity, becoming
the dominant PL feature at 120 K. Further, an additional low
energy emission band (∼1.87 eV, 663 nm) appears at
temperatures below 160 K.
As mentioned above, ITPbBr4 shows two emissive features,

where the peak at higher energies (2.80 eV, 443 nm) exhibits a
low relative intensity compared to the PL feature at lower
energies at room temperature (Figure 7b). Upon cooling, the
ratio between the PL peaks at high and low energy decreases.
The emission band at lower energy (1.89 eV, 656 nm) remains

the dominant PL feature in the entire investigated temperature
range, where its fwhm narrows from 0.72 eV (258 nm) at 300
K to 0.46 eV (173 nm) at 120 K. Additionally, we observe that
the high energy band becomes more structured at low
temperatures, exhibiting several distinct PL features at similar
peak positions compared to the high-energy PL features of
T2PbBr4. PL of A2PbBr4 predominantly exhibits the low energy
emission at ∼1.97 eV in the investigated temperature range
between 300 and 120 K (Figure 7c). Upon cooling, the fwhm
of the PL peak continuously reduces from 0.72 eV (240 nm) at
RT to 0.48 eV (154 nm) at 120 K, whereas its energetic
position remains constant. Below 200 K, a weak PL at energies
>2.8 eV (443 nm) appears. Compared to the PL band at ∼1.97
eV, its intensity is lower by more than 3 orders of magnitude.
The results of the PL measurements suggest two different

emitting species because the high energy signal in T2PbBr4 is
rather narrow and structured, whereas the emission at lower
energies is broad and significantly separated in energy from
corresponding absorption onsets. The PL peak at 2.85 eV (435
nm) is nearly resonant with the exciton absorption shown in
Figure 5, so that we associate this high energy PL band with
exciton recombination.42,43

Broad emission features at low photon energies are often
observed in 2D-perovskite systems,44−47 and it was suggested
that they stem from recombination via intrinsic (electron−
phonon coupling) or extrinsic (electron−lattice defect) self-
trapped excitons (STE).40,48 This may also be a possible
interpretation for the observed emission at lower energies of
the materials investigated in our case. In contrast, we deem the
occurrence of the low energy features due to a possible
structural phase transition at low temperatures to be rather
unlikely. In such a case, we would expect a decrease in the PL
signals associated with the high-temperature phase, the abrupt
appearance of low-temperature-phase PL features, also with a
similar spectral width compared to the high-temperature-phase
PL features.49 Typically, this all would happen within a
relatively small temperature range.50

The ratio between the high and low energy bands is
temperature-dependent, i.e., reflecting some thermally acti-
vated detrapping process.40,51 Nevertheless, overall, we observe
a stronger dominance of the low energy band along the series
from T2PbBr4 over ITPbBr4 to A2PbBr4. This is in line with
reports from literature showing that broad PL at low energies
can be facilitated by an increase in distortions and
corrugation.44,45 Considering that the energy differences
between high and low energy bands are fairly similar for all
three systems, the lower intensity of the broad peak is likely to
reflect a lower density of STE states in T2PbBr4 than in
ITPbBr4 and A2PbBr4. In the literature, a change in the PL
intensity between high and low energy PL bands was
associated with a change in the energy difference between
the absorption onset and the energy of the STE emission.26,52

It was suggested that a smaller energy difference is favorable
for STE detrapping leading to an increased PL intensity of the
high energy band. This at first sight is in line with our results;
however, such a thermal detrapping process appears
questionable to us, as the observed energy difference between
low- and high-energy PL bands is large (∼0.7 eV) compared to
thermal energy. Furthermore, a recent study shows that the
low energy PL band originates from in-gap states, rather than
being due to STEs,53 which emphasizes the general need for
more detailed future studies.

Figure 7. Temperature-dependent (300−120 K) steady-state PL
spectra of (a) T2PbBr4, (b) ITPbBr4, and (c) A2PbBr4.
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■ CONCLUSIONS
We have prepared three new examples of hybrid lead bromide
layered perovskites of different structural variations templated
using small disc-shaped amines. The cationic ordering behavior
of each composition have been discussed in terms of ionic size
effects and hydrogen-bonding environments. In T2PbBr4, we
introduce a previously unreported “DJ-like” (001)-oriented
structure type with a 2ap × 2ap × 2cp supercell arising from
octahedral tilting and the arrangement of the [TzH+] moieties.
The two (110)-oriented perovskites reported, A2PbBr4 and
ITPbBr4, represent two new examples of this rare structure-
type featuring corrugation patterns of 2 × 2 and 3 × 3,
respectively. The octahedral distortions present in A2PbBr4 are
the largest reported for any material of the 2 × 2 type, however
we are unable to identify any systematic behavior among
known (110)-oriented structures to explain this. ITPbBr4 is the
first example of a bromide 3 × 3 type structure incorporating
two distinct molecular species and represents the “simplest”
variant of the basic unit cell among known materials of this
structure type. All three materials exhibit peaks consistent with
exciton absorption in UV−vis spectroscopy. Photolumines-
cence data indicate a distinct change in behavior with
increasing structural corrugation. In T2PbBr4, there is a narrow
and structured emission observed at higher energies attributed
to exciton recombination, as well as a broad emission at lower
energies corresponding to recombination via extrinsic or
intrinsic STE. With the increasing structural distortions and
corrugation in ITPbBr4 and A2PbBr4, the broad emission
feature dominates. The diverse structures and photolumines-
cent behavior exhibited in these materials obtained from
similar disc-shaped amines highlights the need for greater
exploration and study of hybrid layered perovskites toward
potential functionalities.
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Table S1: Crystal and structure refinement data of T2PbBr4, A2PbBr4 and ITPbBr4 at 173 K

 T2PbBr4 A2PbBr4 ITPbBr4

Formula C4H8N6PbBr4 C4H14N4PbBr4 C5H9N5PbBr4

Formula weight 666.99 645.02 666.00
Colour/Habit Yellow/Block Colorless/Block Colorless/Prism
Crystal size (mm3) 0.23×0.17×0.09 0.22×0.18×0.13 0.21×0.12×0.11
Crystal system Monoclinic Monoclinic Orthorhombic
Space group C2/c P21/c Pbcm
a (Å) 11.8775(9) 12.6112(9) 5.9958(4)
b (Å) 11.8766(9) 9.2833(7) 25.7883(18)
c (Å) 19.1913(14) 12.2101(9) 18.7851(13)
α (°) 90 90 90
β (°) 94.994(6) 90.972(5) 90
γ (°) 90 90 90
V (Å3) 2696.9(4) 1429.27(18) 2904.6(3)
Z 8 4 8
ρcalc (g/cm3) 3.285 2.997 3.046
μ (mm-1) 24.345 22.958 22.602
F(000) 2368 1152 2368
Reflns collected 11117 14279 22997

2394 3258 2635Independent reflns [R(int) =0.0438] [R(int) =0.0555] [R(int) =0.0419]
Goodness of Fit 0.939 0.936 1.222

R1 = 0.0245 R1 = 0.0240 R1 = 0.0228
Final R indices (I > 2σ(I))

wR2 = 0.0476 wR2 = 0.0538 wR2 =0.0619 

Largest diff. peak/hole (e Å-3) 1.541/-1.166 1.407/-1.723 0.820/-2.029

172 13. Structural Diversity in Layered Hybrid Perovskites, A2PbBr4 or AA’PbBr4, Templated by Small Disc-Shaped Amines



S3

Figure S1: Raw and simulated powder X-ray diffraction data for T2PbBr4.
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Figure S2: Raw and simulated powder X-ray diffraction data for A2PbBr4.
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Figure S3: Raw and simulated powder X-ray diffraction data for ITPbBr4.
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Table S2: Hydrogen bond lengths (Å) and angles (°) for T2PbBr4 at 298 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

N(2)-H(1)...Br(2)#5 0.86 2.76 3.435(6) 136

 N(2)-H(1)...Br(4)#2 0.86 3.02 3.682(6) 135.7

 N(3)-H(2)...Br(2) 0.86 2.53 3.326(5) 154.4

 N(5)-H(5)...Br(1)#6 0.86 2.76 3.439(6) 137.5

 N(5)-H(5)...Br(3)#7 0.86 2.94 3.593(6) 133.7

 N(6)-H(6)...Br(1)#3 0.86 2.53 3.326(5) 154.1

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1/2,y-1/2,-z+3/2    #2 -x+1,y,-z+3/2    #3 -x+1/2,y+1/2,-z+3/2 

#4 -x,y,-z+3/2    #5 x+1/2,y+1/2,z    #6 -x+1,y+1,-z+3/2 

#7 x,y+1,z 

Table S3: Hydrogen bond lengths (Å) and angles (°) for T2PbBr4 at 173 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

 N(2)-H(1)...Br(2)#5 0.86 2.73 3.398(5) 135.8

 N(2)-H(1)...Br(4)#2 0.86 2.97 3.636(5) 135.3

 N(3)-H(2)...Br(2) 0.86 2.52 3.314(4) 153.6

 N(5)-H(5)...Br(1)#6 0.86 2.71 3.398(5) 137.6

 N(5)-H(5)...Br(3)#7 0.86 2.91 3.551(5) 132.6

 N(6)-H(6)...Br(1)#3 0.86 2.52 3.310(4) 153.9

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1/2,y-1/2,-z+3/2    #2 -x+1,y,-z+3/2    #3 -x+1/2,y+1/2,-z+3/2 

#4 -x,y,-z+3/2    #5 x+1/2,y+1/2,z    #6 -x+1,y+1,-z+3/2 

#7 x,y+1,z 
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Table S4: Hydrogen bond lengths (Å) and angles (°) for A2PbBr4 at 298 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

 N(1)-H(1)...Br(1)#3 0.86 2.83 3.604(4) 150.8

 N(1)-H(1)...Br(4)#3 0.86 3.04 3.586(4) 123.7

 N(1)-H(2)...Br(3)#4 0.86 2.58 3.435(4) 171.4

 N(2)-H(3)...Br(1)#3 0.86 2.62 3.442(4) 160.6

 N(2)-H(4)...Br(1)#5 0.86 2.65 3.504(4) 170.3

 N(3)-H(8)...Br(3) 0.86 2.56 3.393(4) 162.4

 N(3)-H(9)...Br(2)#3 0.86 2.64 3.402(4) 148

 N(4)-H(10)...Br(3) 0.86 2.87 3.633(5) 148.3

 N(4)-H(10)...Br(4) 0.86 3.04 3.588(5) 123.1

 N(4)-H(11)...Br(1)#6 0.86 3.07 3.585(5) 120.9

 N(4)-H(11)...Br(2)#6 0.86 2.89 3.656(5) 149

Symmetry transformations used to generate equivalent atoms: 

#1 -x,y+1/2,-z+1/2    #2 -x,y-1/2,-z+1/2    #3 x,y+1,z 

#4 x,-y+3/2,z+1/2    #5 -x+1,y+1/2,-z+1/2    #6 x,-y+1/2,z+1/2 

Table S5: Hydrogen bond lengths (Å) and angles (°) for A2PbBr4 at 173 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

 N(1)-H(1)...Br(1)#3 0.86 2.82 3.590(4) 149.6

 N(1)-H(1)...Br(4)#3 0.86 2.98 3.533(4) 124.1

 N(1)-H(2)...Br(3)#4 0.86 2.56 3.416(4) 173.1

 N(2)-H(3)...Br(1)#3 0.86 2.6 3.425(4) 160

 N(2)-H(4)...Br(1)#5 0.86 2.63 3.483(4) 170.2

 N(3)-H(8)...Br(3) 0.86 2.55 3.375(4) 161

 N(3)-H(9)...Br(2)#3 0.86 2.62 3.389(4) 149

 N(4)-H(10)...Br(3) 0.86 2.84 3.595(5) 148.3

 N(4)-H(10)...Br(4) 0.86 3.06 3.583(4) 121.6

 N(4)-H(11)...Br(1)#6 0.86 3.03 3.543(4) 120.4

 N(4)-H(11)...Br(2)#6 0.86 2.86 3.625(5) 149

Symmetry transformations used to generate equivalent atoms: 

#1 -x,y+1/2,-z+1/2    #2 -x,y-1/2,-z+1/2    #3 x,y+1,z 

#4 x,-y+3/2,z+1/2    #5 -x+1,y+1/2,-z+1/2    #6 x,-y+1/2,z+1/2 
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Table S6: Hydrogen bond lengths (Å) and angles (°) for ITPbBr4 at 298 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

 N(2)-H(1)...Br(3) 0.86 2.48 3.277(5) 154.5

 N(3)-H(2)...Br(2)#6 0.86 2.56 3.309(5) 145.6

 N(4)-H(5)...N(1) 0.86 2.36 3.085(9) 142.5

 N(5A^a)-H(8A^a)...Br(3) 0.86 3.04 3.646(13) 129.3

 N(5A^a)-H(8A^a)...Br(4)#2 0.86 3.08 3.791(11) 142.1

 N(5B^b)-H(8B^b)...Br(4)#2 0.86 2.9 3.688(12) 152.7

Symmetry transformations used to generate equivalent atoms: 

#1 x,-y+3/2,-z+1    #2 x-1,y,z    #3 x,y,-z+1/2 

#4 x,y,-z+3/2    #5 x+1,y,z    #6 x-1,y,-z+1/2 

Table S7: Hydrogen bond lengths (Å) and angles (°) for ITPbBr4 at 173 K.

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

 N(2)-H(1)...Br(3) 0.86 2.46 3.252(5) 152.7

 N(3)-H(2)...Br(2)#6 0.86 2.54 3.290(4) 146.4

 N(4)-H(5)...N(1) 0.86 2.31 3.019(7) 140.1

 N(5A^a)-H(8A^a)...Br(3) 0.86 3 3.604(10) 129.4

 N(5A^a)-H(8A^a)...Br(4)#2 0.86 3.06 3.762(9) 140.9

 N(5B^b)-H(8B^b)...Br(4)#2 0.86 2.88 3.664(12) 153.1

Symmetry transformations used to generate equivalent atoms: 

#1 x,-y+3/2,-z+1    #2 x-1,y,z    #3 x,y,-z+1/2 

#4 x,y,-z+3/2    #5 x+1,y,z    #6 x-1,y,-z+1/2 

The bond length distortion of the BX6 octahedra in each composition was calculated using eq. 

1,1 where d is the average B-X bond distance and dn are the six individual bond distances. The 

bond angle variance of each octahedron from the ideal 90° of an undistorted structure was 

calculated using eq. 2,2 where θi is the individual X-B-X angle.

(1)∆𝑑 = (
1
6)∑[𝑑𝑛 ― 𝑑

𝑑 ]2
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(2)𝜎2 = ∑12
𝑖 = 1

(𝜃𝑖 ― 90)2

11

Table S8: Octahedral distortion parameters of T2PbBr4, A2PbBr4, ITPbBr4 and known (110)-

oriented layered perovskites.

Compositiona Temperature /K Δd (×10⁻⁴) σ²
(100)-oriented:
[T]2PbBr4

b 298 0.23 33.56
[T]2PbBr4

b 173 0.26 35.26

(110)-oriented 2×2:
[A]2PbBr4

b 298 29.16 26.12
[A]2PbBr4

b 173 27.49 30.61
[TG]PbBr4

3 298 7.59 22.06
[TG]PbBr4

3 93 10.97 28.22
[IG]PbBr4

3 298 8.91 7.71
[IG]PbBr4

3 93 7.39 16.16
[NMEDA]PbBr4

4 373 8.20 24.51
[API]PbBr4

5 293 26.02 20.79
[2-(aminoethyl)isothiourea]PbBr4

6 293 9.67 38.91
[EDBE]PbBr4

7 100 24.00 23.93
[ImEA]PbBr4

8 100 22.93 53.66
5.70 11.59[(FA)(HEA)]PbBr4

9 150
13.66 14.46

[3APr]PbBr4
10 298 9.81 21.07

[3APr]PbI4
10 298 11.92 22.04

[EDBE]PbI4
7 100 18.97 14.36

7.78 12.65[G]2PbI4
11 100

11.16 8.41
[3APr]PbCl4

10 298 12.32 34.50
[pipzH2]PbCl4

12 293 2.12 32.23
20.06 6.78[G]2SnI4

11 273
23.47 6.14

[(IFA)(MA)]SnI4
13 295 2.02 7.77

34.30 11.22[(G)1.5(Me-I)0.5]SnI4
14 173

45.71 15.35

(110)-oriented 3×3:
0.04 7.01[IT]PbBr4

b 298
11.70 26.58
0.02 9.16[IT]PbBr4

b 173
8.30 28.52
3.92 8.87[α-(DMEN)]PbBr4

15 293
30.83 25.83
1.29 7.08
3.66 23.52

[ImEA]PbI4
16 100

21.37 39.16
1.01 6.80
1.31 15.10

[4NPEA]2PbBr4
17 110

31.20 11.81
0.16 12.87[4NPEA]2PbI4

17 100
1.17 6.76
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16.92 43.08
aAbbreviations used in the table correspond to the following organic molecules: [T] = 1,2,4-triazolium; 
[A] = acetamidinium; [G] = guanidinium; [I] = imidazolium; [NMEDA] = N’-methylethane-1,2-
diammonium; [API] = N-(3-amino propyl)imidazolium; [EDBE] = 2,2’-
(ethylenedioxy)bis(ethylammonium); [ImEA] = imidazolium ethylammonium; [FA] = formamidinium; 
[HEA] = hydroxyethylammonium; [3APr] = 3-aminopyrrolidinium; [pipzH2] = piperazinium; [IFA] = 
iodoformamidinium; [MA] = methylammonium; [Me-I] = 4-methylimidazolium; [α-(DMEN)] = 2-
(dimethylamino)ethylamine and [4NPEA] = 4-nitrophenylethylammonium. 

bThis work.

Table S9: Space group and unit cell metrics of known (110)-oriented layered perovskites 

where ap ~ 6 Å (perpendicular to corrugation direction), b ~ 9 and 19 Å for 2 × 2 and 3 × 3 

systems, respectively (along the corrugation direction)  and c is the variable inter-layer distance 

dictated by the organic moieties. Compositions are grouped according to similar metrics.

Composition Space 
Group

metrics metric c values (Å)

(110)-oriented 2×2:
[TG]PbBr4 298 K P2/c ap × c × b 14.0000(9)
[TG]PbBr4 93 K P21/c ap × c × b 26.969(9)
[API]PbBr4 P21/c ap × c × b 27.6363(12)
[EDBE]PbBr4 P21/c ap × c × b 28.7804(14)
[3APr]PbBr4 P21/c ap × c × b 22.5450(1)
[EDBE]PbI4 P21/c ap × c × b 29.461(2)
[3APr]PbCl4 P21/c ap × c × b 21.757300(7)
[pipzH2]PbCl4 P21/c ap × c × b 22.612(26)
[IG]PbBr4 P-1 ap × b × c 12.8673(3)
[(IFA)(MA)]SnI4 P21/m ap × b × c 14.787(2)
[NMEDA]PbBr4 P212121 ap × b × c 23.7433(16)
[ImEA]PbBr4 P21/c b × 2ap × c 23.518900(4)
[(G)1.5(Me-I)0.5]SnI4 P-1 b × 2ap × c 15.0588(11)
[3APr]PbI4 Pna21 b × c × ap 21.37600(3)
[(FA)(HEA)]PbBr4 P2/n b × c × 2ap 13.1578(5)
[G]2PbI4 P21/n b × c × 2ap 26.8837(14)
[G]2SnI4 P21/n b × c × 2ap 26.954(2)
[A]2PbBr4

a P21/c c × b × 2ap 12.6949(9)
[2-(aminoethyl)isothiourea]PbBr4 P21/c c × b × 2ap 13.2976(9)

(110)-oriented 3×3:
[IT]PbBr4

a Pbcm ap × c × b 25.873(2)
[α-(DMEN)]PbBr4 Pbca b × 2ap × c 23.68000(5)
[ImEA]PbI4 P21/c c × b × 2ap 12.494800(3)
[4NPEA]2PbBr4 P21/c c × b × 2ap 21.2912(5)
[4NPEA]2PbI4 P21/c c × b × 2ap 21.0976(4)

aThis work.
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Distortion mode analysis

The on-line crystallographic tool ISODISTORT provides a decomposition of a distorted crystal 

structure in terms of irreducible representation (irrep) analysis. In this case, ISODISTORT is 

used to compare the cif file for the refined crystal structure to that of an idealised ‘parent’ 

phase. For simplicity in comparing the ‘BX4’ layer structure of the present compound T2PbBr4, 

without needing to consider the organic moieties, the cif for the parent phase has been adjusted 

from the aristotype inorganic n = 1 RP phase TlAlF4 by removing Tl, renaming the Al and F 

positions to Pb and Br, respectively, and adjusting the unit cell parameters and z-coordinate of 

the Br2 atom, to produce Pb-Br bond lengths that are similar in dimensions to those expected. 

Since the ISODISTORT software uses normal mode analysis, none of these adjustments affect 

the key derived outputs, which are the symmetry-allowed distortion modes at the Brillouin 

zone boundary, and their magnitudes. 

The primary modes evidenced act at the points M (k = ½, ½, 0) and Z (k = 0, 0, ½) of the parent 

P4/mmm Brillouin zone. The two irreps describing octahedral tilting have the labels M3
+ 

(concerted rotation of the octahedra around the c-axis of the resultant T2PbBr4 unit cell) and 

M5
+ (‘out-of-phase’ tilting around the the a-axis of the T2PbBr4 unit cell). Acting alone, these 

modes produce only a 2 × 2 superlattice in the ab plane. This gives rise to the tilt system a-b0c, 

in Glazer-like notation. The other significant mode is labelled Z5
-, and describes the lateral 

‘antiferrodistortive-like’ displacement of adjacent PbBr4 layers along the b-axis, leading to the 

further unit cell doubling along c.
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Table S10: Distortion mode amplitudes for the inorganic portion of the structure  in T2PbBr4, 
obtained from the ISODISTORT software suite18. The ‘parent’ phase is a simulated aristotype 
based on the Dion-Jacobson TlAlF4 structure.19 See attached file for full ISODISTORT output.

Amplitude (Å)Mode
298 K 173 K

Origin S, i k-active

M3
+ 0.500 0.547 (0, 0, 0) 2, 2 (½, ½, 0)

M5
+ 0.550 0.551 (0, 0, 0) 2, 4 (½, ½, 0)

Z5
- 1.030 0.997 (0, 0, ½) 2, 4 (0, 0, ½)
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Published in
Advanced Electronic Materials, 2022, 8, 10, 2200113

Reprinted from WILEY-VCH Verlag GmbH & Co. KGaA according to the CC BY 4.0 license.
Copyright (2022) the Authors



2200113 (1 of 12) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

www.advelectronicmat.de

Intricacies and Mechanism of p-Doping Spiro-MeOTAD 
Using Cu(TFSI)2

Adrian Hochgesang, Simon Biberger, Jeannine Grüne, John Mohanraj, Frank-Julian Kahle, 
Vladimir Dyakonov, Anna Köhler, and Mukundan Thelakkat*

DOI: 10.1002/aelm.202200113

of interfaces, extracting photogenerated 
charge carriers fast, efficient and selec-
tive is crucial for high-performance 
solar cells.[1] N2,N2,N2′,N2′,N7,N7,N7′,N7′-
o c t a k i s ( 4 - m e t h o x y p h e n y l ) - 9 , 9 ′ -
spirobi[9H-fluoren]-2,2′,7,7′-tetramine 
(Spiro-MeOTAD) has found widespread 
use as a hole transport material (HTM) in 
solar cell research, where it is commonly 
p-doped (i.e., oxidizing Spiro-MeOTAD) by 
air (O2) with the help of LiTFSI additives 
to increase the free charge carrier den-
sity.[2,3] Li et al. first incorporated copper(I) 
thiocyanate and copper(I) iodide into 
Spiro-MeOTAD HTM and found distinct 
benefits such as improved power conver-
sion efficiency and HTM conductivity over 
conventional dopants like LiTFSI/O2 or 
the cobalt complex FK209.[4] This concept 
was refined by other groups designing 
stable copper(II) complexes with tun-
able valance band levels and solubilities 
by counter-ion choice.[5–7] We replaced 
the solution doping using copper salts by 
a solvent free and highly controlled co-
evaporation route employing copper(II) 
bis(trif luoromethanesulfonyl)imide 
Cu(TFSI)2 as a p-type dopant to yield con-

ductive, uniform, and pinhole-free HTM layers. Our concept 
was previously successfully applied to conventional MAPbI3 
based 3D perovskite solar cells.[8] While practically proven to be 
useful in perovskite solar cells, the field still lacks a conclusive 
picture of the physical and chemical processes inside the CuII 
doped Spiro-MeOTAD bulk. Especially the role of dopant side 
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1. Introduction

Ever since the advent of organic solar cells and recent, but 
fast improvements in perovskite solar cells, a profound under-
standing of the fine interplay in these multilayer devices 
becomes a focus of research. With an ever-growing number 
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products on charge transport is unclear, which turns out to be 
of quite complex nature. To close this gap, we herein report 
the occurring thermodynamic equilibria between redox states 
in co-evaporated, Cu(TFSI)2 doped Spiro-MeOTAD necessary 
to draw a complete picture of the doping process and discuss 
the consequences thereof. First, the theoretically predicted and 
experimentally observed doping reaction of Cu(TFSI)2 with 
Spiro-MeOTAD was investigated using ultraviolet photoelec-
tron- and UV/vis/NIR absorption spectroscopy. Temperature 
controlled optical spectroscopy experiments are used to gain 
insight into the formation of charge transfer (CT) states as the 
product of the doping reaction. Via electron paramagnetic reso-
nance spectroscopy (EPR), electrical conductivity and imped-
ance spectroscopy, possible endothermic release of free charge 
carriers by dissociation of the CT state was monitored. We 
quantitatively pin-point the activation energies for CT dissocia-
tion EA,CT by temperature dependent studies.

A low EA,CT may result in high doping efficiencies even 
at increased dopant loadings, which will be experimentally 
verified in the course of this work. The mobility and ther-
modynamic equilibria of the bound and unbound charge 
carriers are investigated in detail by impedance- and EPR 
spectroscopy. Further, we determine the influence of the 
thermodynamic equilibria on the thermal activation energy 
for fundamental hopping processes EA,Hop. Well-documented 
electronic properties of pristine Spiro-MeOTAD such as 

temperature-dependent mobility are thoroughly compared 
to that of Cu(TFSI)2 doped samples. Distinct nonlineari-
ties in conductivity, carrier concentration and mobility for 
Cu(TFSU)2 doped Spiro-MeOTAD below 150 K are exten-
sively studied. We try to shed light on the source of non-
linear behavior by investigating reversible CT- and trap state 
recombination with the help of [Cu(MeCN)4]BF4 as a model 
CuI source. Additional focus is set on the influence of dopant 
products on charge transport in the bulk.

2. Results and Discussion

2.1. Charge Transfer Formation

We investigate the doping mechanism of Cu-salts in Spiro-
MeOTAD by first considering the process of charge transfer 
formation in thin films. In a typical p-doping experiment, the 
dopant is required to possess unoccupied energy levels deeper 
in energy than the highest occupied molecular orbital (HOMO) 
of the organic semiconductor (OSC).[9,10] If this condition is 
met, an exothermic electron transfer from OSC to dopant can 
be expected. By using UV photoelectron spectroscopy (UPS) we 
measured the ionization potential (IP), which is by Koopmans-
theorem in first approximation identical to the HOMO, and 
workfunction of Spiro-MeOTAD (Figure 1a).[11] The electron 

Figure 1. a) Energy level diagram of pristine Spiro-MeOTAD (orange) and Cu(TFSI)2 (black) as determined by UPS (WF and IP of Spiro-MeOTAD) and 
CV (EA of Cu(TFSI)2). b) Workfunction (left, grey circles) and hole-injection barrier HIB (right, black squares) of co-evaporated Spiro-MeOTAD films 
with increasing Cu(TFSI)2 molar ratio. c) UV/vis/NIR absorption spectra of co-evaporated films with increasing molar ratios of Cu(TFSI)2 highlighting 
the formation of spectral features identical to that of chemically synthesized, pure Spiro-MeOTAD(PF6)2 (green). d) Difference in optical absorption of 
10 mol% Cu(TFSI)2 doped Spiro-MeOTAD thin film UV/vis spectra obtained at 200 K (blue), 100 K (dark blue), and 5 K (black) to the spectrum obtained 
at 300 K (see Figure S3, Supporting Information).
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affinity EA with respect to vacuum level of Cu(TFSI)2 was cal-
culated from CV half-wave reduction potentials according to a 
known literature procedure (Figure S1, Supporting Informa-
tion).[12] An electron affinity of EA = 6.15 eV of Cu(TFSI)2 and 
IP = 5.03 eV of pristine Spiro-MeOTAD w.r.t. vacuum level were 
determined. Clearly, the EA of Cu(TFSI)2 is positioned 1.12 eV 
deeper than the Spiro-MeOTAD HOMO, facilitating electron 
transfer. The removal of electrons from Spiro-MeOTAD upon 
doping is expected to result in a downshift of the workfunc-
tion toward the HOMO of the OSC. We monitored this elec-
tron transfer by UPS in a second experiment on co-evaporated 
Spiro-MeOTAD thin films with 0–10 mol% Cu(TFSI)2 dopant 
ratio (Figure  1b). A continuous decrease of the workfunction 
from 4.25 eV down to 5.02 eV was recorded. This downshift was 
verified by a decreasing hole-injection barrier HIB (the differ-
ence between HOMO and workfunction) shown in Figure  1b. 
We noticed a slight variation in HOMO position during 
doping, which is responsible for the unexpectedly pronounced 
decrease of HIB between 2 and 4 mol% (See also summary of 
all UPS values collected in Table S1, Supporting Information). 
From Figure 1b, two distinct processes can be discerned: first, 
a strong initial HIB drop of ≈740 meV in the pristine state to 
390 meV at 2 mol% Cu(TFSI)2. This steep HIB gradient marks 
the region, where EF moves through a lower density of states 
per energy interval compared to the deeper lying valence band. 
We assign these states lying higher in energy as trap states, that 
is, the generated holes are being consumed entirely in passi-
vating these trap states above the valence band up to 2 mol% 
Cu(TFSI)2.[13] We clearly differentiate those trap states from trap 
states originating from dopant products, which are character-
ized in Section 2.4. Despite the high purity of Spiro-MeOTAD 
used in this work of 99.9% (HPLC, see Supporting Information 
for manufacturer details), reducing impurities are common for 
organic semiconductors, shifting the Spiro-MeOTAD intrinsic 
carrier density from ≈9 × 1014 cm–3 published by Abate et al. to 
1.2  ×  1017  cm–3 in this work (see Section  2.1).[14] However, we 
propose the influence of these intrinsic trap states on subse-
quent doping experiments to be low, being fully passivated 
after 2 mol% Cu(TFSI)2 (Figure 1b). Further, the characteristic 
slope change of EF (dopant concentration) has also been associ-
ated with the Fermi level crossing an mid-gap acceptor level, 
which originates from dopant:host interaction.[15] Second, for 
doping concentrations greater than 2 mol%, the Fermi level 
EF (e.g., workfunction) is pinned at ≈330 meV above the Spiro-
MeOTAD valence band. At this stage it can be assumed, that 
the dopant releases free holes, which moves EF closer to the 
HOMO with a shallow slope.[16–18] Fortifying the designated role 
as a hole conductor, the workfunction of 5.02  eV at 10 mol% 
Cu(TFSI)2 allows for a very efficient injection of holes in the co-
evaporated Spiro-MeOTAD films using high workfunction elec-
trodes such as Au. Due to the twisted nature of the spiro-core 
inducing steric hindrance and bulky (nonplanar) form of the 
Spiro-MeOTAD, we expect Spiro-MeOTAD and Cu(TFSI)2 to 
react according to an integer charge transfer. This infers that no 
hybridization of frontier orbitals (HOMO or lowest unoccupied 
molecular orbital) takes place and the system can be treated like 
a conventional redox-couple forming CT states upon doping.[19] 
Optical UV/vis/NIR absorption spectroscopy was employed as 
a powerful tool to study the CT state evolution in 0–10 mol% 

Cu(TFSI)2 doped Spiro-MeOTAD thin films (Figure  1c; Figure 
S2, Supporting Information). Simultaneous vacuum co-evapo-
ration was used to deposit high-quality, pinhole-free thin films 
on glass, circumventing solvent influence and miscibility issues 
(see Supporting Information for experimental details).[8]

The ground-state absorption of Spiro-MeOTAD at 370 nm is 
continuously bleached upon adding Cu(TFSI)2, with new peaks 
emerging at 517  nm, 687  nm, and 1445  nm (see Figure S2,  
Supporting Information, for difference spectrum). The broad 
NIR absorption at 1445 nm was assigned to intervalence charge-
transfer (IV-CT) from a positively charged radical-cation tri-
phenylamine to the linking biphenyl bridge.[20] In addition, a 
characteristic fingerprint for charged Spiro-MeOTAD species is 
the absorption at 517 nm (as well as 687 nm).[21] We conclude a 
steady formation of charged Spiro-MeOTAD species upon co-
evaporation with Cu(TFSI)2, complementing earlier studies by 
Mohanraj et al.[8] To study the thermodynamic nature of the CT 
state formation, we carried out temperature dependent absorp-
tion spectroscopy on co-evaporated films (Figure  1d, see Sup-
porting Information, for spectra of all doping concentrations). 
No significant change in absorption intensity of the 517  nm 
band is observable. As a consequence, we conclude the forma-
tion of the CT states to be temperature independent, in line 
with experiments by Tietze et al. on doped small molecules.[22] 
Lastly, we want to shed light on the nature of the charged 
Spiro-MeOTAD species. Three stable oxidation states of Spiro-
MeOTAD are known in literature, namely Spiro-MeOTAD1+, 
Spiro-MeOTAD2+, and Spiro-MeOTAD4+.[23] UPS studies on 
Spiro-MeOTAD(PF6)4 revealed a HOMO energy of 5.25  eV, 
which is situated 0.90  eV above the EA of Cu(TFSI)2. Conse-
quently, all oxidation products of Spiro-MeOTAD are theoreti-
cally accessible by exothermic electron transfer to Cu(TFSI)2, 
showcasing its capabilities as a powerful p-type dopant. For 
experimental identification of the formed oxidation state, we 
synthesized chemically pure Spiro-MeOTAD2+ by reacting 
Spiro-MeOTAD with two equivalents of the single-electron oxi-
dant NOPF6. Thin films of the obtained Spiro-MeOTAD(PF6)2 
were characterized by UV/vis/NIR spectroscopy (Figure  1c, 
green curve). We noted very similar optical absorption features 
between pure Spiro-MeOTAD(PF6)2 and the Cu(TFSI)2 doped 
Spiro-MeOTAD. However, we cannot reliably distinguish the 
two oxidation states Spiro-MeOTAD1+/2+ due to i) both states 
being almost degenerate in energy, with a separation of less 
than 110 mV versus Ag/Ag+ resp. Fc/Fc+ and ii) a very similar 
optical absorption spectral profile.[21,24] A comparison with 
Spiro-MeOTAD(PF6)4 absorption spectrum reveals, that Spiro-
MeOTAD(PF6)4 is characterized by a broad peak at 875  nm, 
which is absent in our experiments (Figure  1c).[23] Therefore, 
both Spiro-MeOTAD1+ and Spiro-MeOTAD2+ are presumed 
as the most probable products of Spiro-MeOTAD doped with 
≤10 mol% Cu (TFSI).

After proving the temperature-independent formation of 
charged Spiro-MeOTAD1+/2+ CT states upon doping by optical 
absorption spectroscopy and UPS, the next step is to investigate 
the dissociation of the CT state and generation of mobile charge 
carriers. However, the CT state, being a salt, can be subject to 
strong coulombic binding energies in the range of >100 meV.[22] 
Thus, a certain activation energy must be provided in order to 
separate CT states into free carriers. Only free charge carriers 
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can contribute to the observed macroscopic conductivity in dis-
ordered organic semiconductors by thermally activated hopping 
processes. Our group has monitored and reported the change 
in electrical conductivity by measuring current-voltage scans 
of Spiro-MeOTAD:Cu(TFSI)2 co-evaporated on top of interdigi-
tated Au electrodes in a previous study.[8]

Upon co-evaporating Cu(TFSI)2, a linear increase fol-
lowed by conductivity saturation (at 6 mol% Cu(TFSI)2) with 
an average value of ≈7  ×  10–4  S  cm–1 was observed, in agree-
ment with the constant HIB found in our UPS experiments 
above 6 mol% dopant. Elevated temperatures in the Spiro-
MeOTAD effusion cell during evaporation do not significantly 
enhance the charge carrier density, as evidenced by the low 
conductivity (1 ×  10–7 S cm–1) of the evaporated pristine Spiro-
MeOTAD sample. Increase in electrical conductivity values 
demonstrate the presence of mobile charge carriers in Spiro-
MeOTAD:Cu(TFSI)2 co-evaporated samples.

Here, we intend to quantify this observation by determining 
the amount of free charge carriers p in the doped bulk via solid 
state Mott-Schottky experiments. More precisely, this analysis 
yields the density of ionized acceptors (from dopants) NA

– in 
the bulk, which is equal to the density of free holes p in the 
hole conductor, since charge neutrality must be obeyed. This 
is achieved by measuring the voltage dependent capacitance 
C(V) of a metal-insulator-semiconductor device stack such as 
FTO/Al2O3/Hexamethyldisilazane/Cu(TFSI)2:Spiro-MeOTAD/

Au using impedance spectroscopy. Since the spatial width of 
a depletion layer (which in turn dictates its electrical capaci-
tance) is very sensitive to the number of free carriers present 
in the semiconductor, measuring the series capacitance can 
give information about NA

–. Applying a negative bias voltage 
causes the formation of a charge carrier depletion zone at the 
insulator/p-type semiconductor interface, which changes the 
overall device capacitance. By evaluating the slope dC–2/dV of 
the device capacitance versus applied potential, the number of 
free carriers NA

– can be evaluated (Figure 2a, see Figure  S4, 
Supporting Information, for exemplary fit). In agreement 
with a very strong decrease in HIB and increase in conduc-
tivity when adding 2 mol% Cu(TFSI)2, the charge carrier den-
sity rises from 1.2 ×  1017  cm–3 to 1.0 ×  1019  cm–3 at 1.5 mol% 
dopant. Above 1.5 mol%, NA

– is increasing in a linear fashion 
up to 3.2  ×  1019  cm–3 at 10 mol% without showing satura-
tion effects (Figure  2b). Having successfully quantified the 
density of free carriers, we focus on the density of bound CT 
states. Contrary to Mott–Schottky analysis, which is sensi-
tive to only free charge carriers in the bulk, EPR detects all 
paramagnetic species within the sample volume. Specifically, 
EPR is used to determine the absolute sum of bound (in the 
form of a CT state) and free charge carriers. For measuring 
EPR, we co-evaporated Cu(TFSI)2 and Spiro-MeOTAD onto 
poly(ethylene terephthalate) substrates of known area with a 
defined thickness, which were consequently sealed in quartz 

Figure 2. a) Exemplary, normalized C–2 versus applied potential plot of metal-insulator-semiconductor (MIS) devices fabricated with an FTO/Al2O3/
Hexamethyldisilazane/Cu(TFSI)2 doped Spiro-MeOTAD/Au structure. Negative potentials deplete the majority charge carriers (holes) from the inter-
face, decreasing the capacitance. The positive slope in the positive potential range indicates low frequency inversion at the insulator/Spiro-MeOTAD 
interface. b) Charge carrier/spin densities obtained by Mott–Schottky (circles) and EPR (triangles) measurements. c) Doping concentration dependent 
EPR spectra of Cu(TFSI)2 doped Spiro-MeOTAD thin films, co-evaporated on PET substrates. Modulation amplitude Bmod = 0.02 mT, microwave power 
PMW = 0.8 mW. d) Double integral (proportional to spin susceptibility, i.e., spin density) of the EPR signal as a function of the inverse temperature 
proves localized spin species (Curie contribution). Doping concentration = 7.5 mol%.
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tubes under inert atmosphere. The EPR parameters are 
optimized for the highest signal of the 10 mol% doped film 
(Bmod = 0.02 mT, PMW = 0.8 mW). As a fact, the presence of 
paramagnetic CuII ions is not affecting the results, as they 
cannot be resolved with the optimized parameters (Figure S5, 
Supporting Information). CuI cations are diamagnetic due 
to a 4s03d10 electron configuration and therefore EPR inac-
tive.[25] With increasing dopant concentration, the Lorentzian 
shaped EPR peak increases in area (Figure  2c). A g-value of 
2.0026 was found, comparable to H-TFSI and Li-TFSI/O2 
doped Spiro-MeOTAD.[26–28] By convention, the EPR spectra 
(Figure 2c) are displayed as the first derivative of the original 
microwave absorption signal, thus double integration yields 
the absolute number of paramagnetic species NSpins, normal-
ized to unit volume and referenced to a sample with known 
spin concentration (Figure  2b). The quantity NSpins includes 
all paramagnetic species per unit volume, whether bound 
to a counter ion (CT state) or free to move under the influ-
ence of an electric field (free holes p). NSpins follows the same 
doping concentration dependent trend as NA

–, yet we noticed 
a constant offset, which is equal to the states not detectable 
by Mott–Schottky measurements, the bound CT states. They 
contribute to about a factor of 4–6 in the range of 3–10 mol% 
doping ratio. It should be emphasized, that no information 
about the ratio between free and in CT states bound carriers 
can be deduced from the absolute number of spins NSpins, 
owing to their high absolute error. Depending on the spin ref-
erence used, the absolute error is up to 1 order of magnitude, 
yet their relative values used in this work are exact. Hence, we 
used impedance spectroscopy to determine the ratio between 
bound and free charge carriers (see Section  2.3). Aiming to 
understand the evolution of ratio between NA

– and NSpins 
upon doping, we correlated both values with the UV/vis/NIR 
CT state absorbance integral from our previous experiment 
(Figure 1c). Both NA

– and NSpins were found to increase mono-
tonic and linearly with the absorbance integral (Figure S6, 
Supporting Information). This indicates, that no additional 
EPR silent species or bipolaron species are formed at up to  
10 mol% Cu(TFSI)2. Notably, the electrical conductivity saturates 
despite a monotonical increase in NA

– and NSpins, which hints 
to effects of the doping on the carrier mobility μ and will be 
discussed in the next paragraph in detail.

Finally, for charge transport considerations later in this 
work, it is necessary to understand the degree of charge carrier 
localization in Cu(TFSI)2 doped Spiro-MeOTAD. For this, we 
conducted temperature dependent EPR measurements on one 
typical sample (7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD). 
The double integral of the EPR signal is proportional to the sus-
ceptibility Χ and was found to depend linearly on the inverse 
sample temperature 1/T in our experiment (Figure  2d).[29,30] 
It is well described by Curie contribution (≈NSpins/T), charac-
teristic for localized spin species. The linear trend underlines 
the absence of additional paramagnetic species arising at dif-
ferent temperatures, which would induce a deviation from 1/T 
behavior, fitting to temperature-independent formation of CT 
states.[30] By correcting the internal spin reference density to 
the cavity temperature, we verified a temperature-independent 
spin density NSpins(T) for a 7.5 mol% Cu(TFSI)2 doped sample 
(Figure S7, Supporting Information).

When extrapolating to the y-axis intercept, an offset remains 
in the magnitude of the determination inaccuracy. Neverthe-
less, Pauli contribution, that is, band like transport, is not 
typical for Spiro-MeOTAD even at high concentrations, as dis-
cussed below. Hence, free charge carriers are formed at room 
temperature in Cu(TFSI)2 doped Spiro-MeOTAD, increasing 
the macroscopic bulk conductivity via hopping in mostly local-
ized sites. To conclude, the ratio between free and in CT states 
bound charge carriers was determined and their changes upon 
varying the dopant concentration.

2.2. Charge Transport

As we quantified the nature and density of reaction products 
formed in Cu(TFSI)2 doped Spiro-MeOTAD, we proceed further 
to complete the microscopic description of charge transport and 
thermally activated processes leading to free charge carriers. To 
select a proper model capable of describing the charge trans-
port, we recorded the temperature dependent conductivity σ(T) 
of co-evaporated Cu(TFSI)2 doped Spiro-MeOTAD thin films 
from 400 K to 20 K in a He-cryostat (Figure 3a).

Focusing on the pristine sample, a distinct linear region 
was found between 400 K and 150 K. We observed a positive 
slope dσ/dT, clearly indicating a temperature activated hop-
ping behavior. Commonly, the popular Mott law is employed 
to model σ(T) in organic semiconductors.[31] As it assumes 
a constant density of states surrounding the Fermi energy, 
which can hardly be assumed, we refer to Efros-Shklovskii 
variable range hopping (ES-VRH) accounting for a Coulomb 
gap surrounding EF.[32,33] As Spiro-MeOTAD is disordered in 
terms of the energetic landscape with localized, spatially ran-
domly distributed states (amorphous nature), the ES-VRH 
model is sufficient to explain the pristine case.[33] In addition, 
this model accounts for a Coulomb interaction of localized 
states introduced by the dopant molecules and hopping dis-
tances exceeding the nearest neighbor distance at low tem-
peratures.[34,35] ES-VRH predicts the dependence ln(σ/σ0) ∝ T−1/2 
and the experimental data on pristine Spiro-MeOTAD is in 
accordance to this.[34,36] In Cu(TFSI)2 doped Spiro-MeOTAD 
samples, we noticed a restriction of the linear σ(T) region to 
smaller temperature ranges (Figure  3a). Additionally, in all 
doped samples, a distinct temperature independent behavior 
is found below 150 K. Li  et  al. pointed out, that a tempera-
ture independent charge carrier transport in organic semicon-
ductors may be explained sufficiently within the VRH model 
framework. At high carrier densities and low temperatures, 
Li proposed that the energy required for a carrier hop is 
provided entirely by the electric field across the device. This 
implies, that no thermal activation is necessary and the trans-
port can be described as field-assisted tunnelling in the low 
temperature regime.[37] We could qualitatively adapt Lis modi-
fied VRH model to σ(T) of Cu(TFSI)2 doped Spiro-MeOTAD 
using NA

– from Mott–Schottky measurements (Figure  2b; 
Figure S13, Supporting Information). Applying Lis theory, one 
could assume the origin of σ(T) nonlinearities in Cu(TFSI)2 
doped Spiro-MeOTAD to stem from field-assisted tunnelling. 
Yet, carefully analyzing Lis model suggests a similar trend for 
the temperature dependent mobility μ(T) if the Fermi level EF 
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and NA
– are considered constant;, i.e., a monotonic mobility 

decrease followed by a weakly temperature dependent region 
at lower temperatures. As a consequence, temperature 
dependent conductivity measurements are not sufficient to 
analyze the origin of nonlinear σ(T), which shifts our focus 
toward temperature dependence of charge carrier mobility μ.

To probe the temperature dependent mobility of free charge 
carriers in Cu(TFSI)2 doped Spiro-MeOTAD, we carried out 

impedance spectroscopy experiments on FTO/Cu(TFSI)2:Spiro-
MeOTAD/Au metal-semiconductor devices employing the 
negative differential susceptance method (see Supporting 
Information for details). Using a metal-semiconductor device 
structure, holes are injected at one electrode if a sufficient 
electrical field F across the device is applied. By measuring the 
capacitive response of the biased device at different frequen-
cies, an average carrier transit time for a given organic layer 

Figure 3. a) Temperature dependent, individually normalized conductivities σ measured on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices with different 
doping concentrations from 400 K to 20 K. b) Temperature dependent hole mobilities μh of Cu(TFSI)2 doped Spiro-MeOTAD, determined from imped-
ance measurements on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices using the negative differential susceptance −ΔB. Black dashed fit line shows typical 
ES-VRH behavior ln(μh) ∝ (T0/T)1/2 in the case of pristine Spiro-MeOTAD sample. All values were obtained at a constant electrical field F = 100 kV cm–1. 
Full temperature scale measurements are shown in Figure S10, Supporting Information, detailed temperature dependent −ΔB versus frequency spectra 
in Figure S11, Supporting Information. c) Temperature dependent charge carrier densities NA

–(T) of 1.5 mol% and 10 mol% Cu(TFSI)2 doped Spiro-
MeOTAD, determined by Mott–Schottky measurements. A vertical dotted line demarcates the freeze-out points, for example, the thermal energy avail-
able below these marked values is not sufficient to dissociate the intimate CT pair. d) Arrhenius-type temperature dependency of NA

–(T) measured via 
Mott-Schottky experiments above the freeze-out point (150 K for 10 mol% Cu(TFSI)2 (blue), resp. 200 K for 1.5 mol% (orange)) with fitted activation 
energies EA,CT. e) Logarithmic EPR linewidth (FWHM) of a 7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD thin film as a function of inverse temperature. 
An activation energy for hole transport EA,Hop = (18.4 ± 3.3) meV (black fit) for higher temperature and (4.6 ± 1.4) meV (grey fit) below 160 K can be 
determined. Full temperature dependent EPR spectra can be found in Figure S12, Supporting Information.
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thickness and electrical field can be deduced, even at moderate 
bulk conductivities of doped semiconductor samples (where 
most common methods fail). Indium-tin-oxide/Li(TFSI) doped 
Spiro-MeOTAD/Au devices have recently been used to study the 
Spiro-MeOTAD charge carrier mobility via negative differential 
susceptance by Li et al. Carrier densities of up to 2.8 × 1019 cm–3 
were reported using Mott–Schottky measurements, proving the 
applicability of this method for highly doped Spiro-MeOTAD 
samples.[38] Again, pristine Spiro-MeOTAD follows a tempera-
ture activated behavior, characterized by an increase in carrier 
mobility upon heating the sample up to 400 K. Between 350 K 
and 175 K, ln(μ) is proportional to the inverse sample tem-
perature. Closer analysis yields a slope of 0.5, thus resembling 

ES-VRH dependency for the hole mobility with ln( ) 0
1/2T

T
µ ∝ 



 , 

where T0 = 8.5 × 103 K. (Figure 3b).[39] We like to point out, that 
for the temperature range between 350 K to 20 K, a poor fit was 

found for ln( )
1 2

T
µ ∝ 



  predicted by models using a Gaussian 

density of states distribution, which are often employed in liter-
ature to describe the electrical behaviour of doped organic sem-
iconductors (Figure S14, Supporting Information).[40] Röhr et al. 
obtained comparable μ(T) of undoped Spiro-MeOTAD in space 
charge limited current device data fitted by Mott–Gurney law, 
verifying the negative differential susceptance method used 
in this experiment.[41] Consequently, σ(T) and μ(T) of pristine 
Spiro-MeOTAD is described sufficiently by the ES-VRH model. 
To our surprise, doped samples are clearly subject to a different 
nature of charge transport, even increasing in charge carrier 
mobility upon cooling the sample below a threshold point of 
≈150 K, followed by a temperature independent region between 
150 K and 20 K (Figure 3b). We further note, that the negative 
correlation dμ/dT  < 0 is exclusive to higher doping concen-
trations ≥5 mol%. At this point we want to highlight, that a 
negative temperature coefficient mobility is no unambiguous 
fingerprint of band-like transport typically found in metals. 
Exemplary, similar behavior was found in poly(2,5-bis(3-tetra-
decylthiophen-2-yl)thieno[3,2-b]thiophene) PBTTT field-effect 
transistors, explained by Luttinger liquid behavior.[42] Addi-
tionally, Spiro-MeOTAD, even at high doping ratios, cannot be 
described in terms of band transport due to the large amount 
of energetic disorder.[43] Thus, invoking VRH models, which 
expect a monotonic decrease in mobility and conductivity, are 
not able to explain the nonlinear charge transport in Cu(TFSI)2 
doped Spiro-MeOTAD samples.

Based on the relationship qNAσ µ= −  with q being the elemen-
tary charge, we formulate the lack of thermal energy at low 
temperatures to dissociate the CT-state as a possible cause for 
the nonlinearities found in Cu(TFSI)2 doped Spiro-MeOTAD. 
Intuitively, this so-called carrier freeze-out would be reflected 
in NA

–(T), necessitating a quantification. For this, we coupled 
the Mott-Schottky experimental setup as described in an ear-
lier paragraph with a Helium cryostat. Figure 3c shows NA

–(T) 
measurements on 1.5 and 10 mol% Cu(TFSI)2 doped Spiro-
MeOTAD between 20 K and 350 K. Here we observe a sharp 
jump in carrier density at 137 K (for 10 mol% dopant) and 
187 K (1.5 mol% dopant), which we denote as transition points. 
Above these transition points, NA

– is proportional to the sample 

temperature. At lower temperatures, we noticed a decrease in 
free carrier concentration for both samples. Ultimately, NA

– is 
not correlated to the sample temperature below these tran-
sition temperatures. We assign the distinct loss in free car-
rier concentration NA

– at low temperatures to the recombi-
nation of free holes and counterion to re-form the bound CT 
state (freeze-out). Above the freeze-out, NA

–(T) can be well 
described by a Arrhenius type activation process, with the acti-
vation energy EA,CT corresponding to the CT state dissociation 
energy (Figure 3d).[22] EA,CT decreases from (18.5 ± 4.7) meV at 
1.5 mol% Cu(TFSI)2 to (11.4 ± 3.8) meV at 10 mol%, presum-
ably due to increased energetic disorder, facilitating CT state 
dissociation.[22] These values are directly reflected in the freeze-
out temperatures of 187 K and 137 K, which translate to thermal 
energy values of 16.1 meV (1.5 mol%) and 11.8 meV (10 mol%). 
EA,CT is in line with previously published results of disordered 
systems, ranging from 9 to 54 meV.[22] The measured freeze-
out temperatures yield first evidence for our hypothesis, over-
lapping with the mid-point temperatures of nonlinear effects of 
σ(T) and μ(T) (Figure 3a,b).

We aim to fortify our hypothesis by approaching the ther-
modynamics of carrier hopping. Our previous μ(T) measure-
ments (Figure 3b) clearly show an increase in carrier mobility 
below the freeze-out. Therefore, we test the correlation between 
the average activation energy EA,Hop for carrier site transition 
(a “hop”) and NA

–(T). The full width at half maximum (FWHM) 
of an EPR signal can be related to the average microscopic charge 
carrier mobility μEPR in doped organic systems.[30] In general, 
increasing microscopic mobility narrows the EPR linewidth 
due to averaging of hyperfine interactions (motional nar-
rowing).[28,44] Subsequently, we determined EA,Hop by evaluating 
the FWHM of the EPR signal of a 7.5 mol% doped sample for 
different temperatures and applying Arrhenius fits (Figure 3e). 
With increasing temperature, the FWHM decreases continu-
ously, indicating increasing mobility in doped samples. A dis-
tinct change in slope occurred for FWHMEPR(T) at ≈180 K, with 
a greater slope d(ln(FWHMEPR))/d(1/T) above 180 K. The more 
decreasing EPR linewidth above 180 K is in contrast to imped-
ance measurements (Figure 3b), where we observed a decrease  
in mobility upon increasing temperature between 150 K and  
400 K for doped Spiro-MeOTAD. This can be explained by 
the fact that the linewidth of EPR is only affected by mobile 
polarons that arise after dissociation of CT states in this 
experiment (no active electron/hole injection via electrodes). 
In contrast, any trap states created simultaneously reduce 
the overall mobility of impedance spectroscopy by trapping 
the injected holes. We recorded an EA,Hop of (18.4 ± 3.3) meV 
above 180 K, with (4.6 ± 1.4) meV below for Arrhenius fits on 
FWHMEPR(T) (Figure 3e). The transition temperature of 180 K 
(≈16 meV thermal energy) fits to the CT state dissociation ener-
gies EA,CT  = 11.4–18.5 meV for 1.5 and 10 mol% Cu(TFSI)2 
doped Spiro-MeOTAD (Figure  3c). From FWHMEPR(T) and 
NA

–(T) experiments we conclude, that the CT state freeze-out 
is directly influencing the carrier mobility and it is conse-
quently responsible for the nonlinear conductivity of Cu(TFSI)2 
doped Spiro-MeOTAD. Both EA,Hop and EA,CT can be verified by 
linking them to the macroscopic observed thermal activation 
energy for conductivity EA,σ. We analyzed EA,σ by Arrhenius 
fits on temperature dependent conductivity measurements of 
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co-evaporated Cu(TFSI)2 doped Spiro-MeOTAD films (Figure 
S15, Supporting Information). Privitera  et  al. pointed out, 
that EA,σ is the sum of both CT state binding energy EA,CT 
and hole transport activation energy EA,Hop.[30] As displayed in 
Figure S16, Supporting Information, EA,σ values ranging from 
(39.0 ± 7.0) meV to (130.0 ± 15.9) meV were recorded for the 
Cu(TFSI)2 doped Spiro-MeOTAD system, with most samples 
having values below 100 meV. EA,σ of F4TCNQ doped Spiro-
MeOTAD was reported as ca. 170 meV, generally the thermal 
activation energies for conductivity are broadly distributed 
for small molecule organic semiconductors, ranging roughly 
from 38 to 467 meV.[45,46] In comparison, Cu(TFSI)2 doped 
Spiro-MeOTAD displays rather small EA,σ values. This result is 
remarkably well in line with an expected, approximated value 
of EA,CT(10 mol%) + EA,Hop(7.5 mol%) ≈ 30 meV. Higher meas-
ured EA,σ values are likely the result of additional factors such 
as electrostatic disorder of CT states (Figure S16, Supporting 
Information).[46] Summarizing, we were able to resolve all 
three major activation energy contributions to the doping 
process EA,σ (for conductivity), EA,CT (release of free charge 
carriers) and EA,Hop (hopping of free charge carriers). We con-
clude the nonlinear conductivity and mobility of Cu(TFSI)2 
doped Spiro-MeOTAD to be caused by reversible CT state  
freeze out.

2.3. Doping Efficiency

As discussed earlier, we found EA,CT of Cu(TFSI)2 doped 
Spiro-MeOTAD to be low compared to other doped 
organic semiconductors, for example, in the case of 
N,N,N′,N′-tetrakis(4-methoxyphenyl)benzidine (4-MeO-TPD) 
doped with C60F36, ≈30 meV are required for CT state dissocia-
tion.[17] To test, if a low EA,CT facilitates carrier release in doped 
organic systems, we investigated the doping efficiency ηDop. 
This figure of merit quantifies the ratio between free, dissoci-
ated charge carriers p and total density of dopant molecules 
in the system NA as ηDop  = p/NA. NA

– was determined by 
Mott–Schottky experiments described in Section  2.1, where 
we assumed that the number of free holes p equals NA

–. It is 
worth emphasizing, that the neutrality condition p = NA

– may 
not hold true for very high trap densities or a large number of 
free carriers bound in the CT state.[17,22] A detailed derivation 
of NA can be found in the Supporting Information. Defining 
ηDop via NSpins and NA

– was omitted due to the introduction of 
a large error source in absolute number of spins. As shown 
in Figure 4a, co-evaporated Cu(TFSI)2 doped Spiro-MeOTAD 
retains a doping efficiency of up to (52.0 ± 6.4) % at 10 mol% 
dopant. Thus, in general ηDop improves dramatically compared 
to other popular p-dopants, which drop below the 10.3% mark 

Figure 4. a) Doping efficiencies for different doping concentrations of Cu(TFSI)2:Spiro-MeOTAD (blue squares). See Supporting Information for detailed 
information. Literature values for small molecule semiconductors: Zink-Phthalocyanine (abbr. ZnPc) doped with F6TCNNQ (squares), 4-MeO-TPD 
doped with C60F36 (triangles) and F6TCNNQ (circles).[17,22] b) Zero-field mobilities μ0 of solution processed Spiro-MeOTAD thin films mixed with dif-
ferent molar amounts of [Cu(MeCN)4]BF4. c) Mobility μ of co-evaporated thin films of Cu(TFSI)2 doped Spiro-MeOTAD using the CELIV method on 
FTO/Al2O3/Cu(TFSI)2:Spiro-MeOTAD/Au devices. d) Thin film conductivities of solution processed, Cu(TFSI)2 doped Spiro-MeOTAD without (green 
diamonds) and with bathocuproine (BCP, structure shown in graph) additive (red squares) at different dopant concentrations. BCP was added in 
equimolar amounts to Cu(TFSI)2.
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at only 6.4 mol% in the case of the most efficient system in 
this series, C60F36 doped 4-MeO-TPD. Typically, ηDop strongly 
decreases with increasing doping concentration, because 
charge carrier capture processes by dopant molecules become 
more likely.[17] In summary, the extraordinary low CT state 
binding energy EA,CT found in the Spiro-MeOTAD:Cu(TFSI)2 
system helps to greatly boost the doping efficiency compared to 
previously published p-dopants for organic systems.

2.4. Hole Trapping

In our previous studies, no elemental Cu0 was found in XPS 
studies of Cu(TFSI)2 doped, co-evaporated Spiro-MeOTAD 
samples.[8] In turn, the CuI state can be assumed as the final 
product of the doping reaction. Supplementary to the XPS 
studies, we tested if the doping reaction effectively stops at 
the CuI oxidation state. For this, a model CuI ion source, 
[CuI(MeCN)4]+BF4

– having the almost identical CuI/Cu0 reduc-
tion potential compared to Cu(TFSI)2 in acetonitrile solution 
was mixed with Spiro-MeOTAD to verify, if [CuI(MeCN)4]+can 
act as a dopant (Figure S1, Supporting Information).[47] Con-
sequently, we prepared thin films from Spiro-MeOTAD mixed 
with increasing mole percent of [CuI(MeCN)4]BF4 in ace-
tonitrile solution and conducted conductivity measurements 
(see Figure S17, Supporting Information, for details). Relative to 
pristine Spiro-MeOTAD, no increase in σ was found for up to  
4 mol% [CuI(MeCN)4]BF4, the upper solubility limit of this 
complex in Spiro-MeOTAD. In line with XPS experiments, 
we conclude CuI to be the stable oxidation state formed after 
reacting Cu(TFSI)2 and Spiro-MeOTAD.

Penultimately, we want to clarify the role of products of 
the doping reaction in the macroscopic charge transport of 
Cu(TFSI)2 doped Spiro-MeOTAD. The two possible ions arising 
out of doping reaction are TFSI– and CuI. Any detrimental influ-
ence of the TFSI– anion on the charge transport was rejected 
for up to 10 mol% dopant concentration based on the fact that 
both LiTFSI(≈50 mol%)/O2 or Spiro-MeOTAD(TFSI)2 (17 mol% 
optimum) doped Spiro-MeOTAD and are known in literature 
to surpass the hole mobility of pristine Spiro-MeOTAD.[24,38] 
One may raise the question, if unbound CuII is responsible 
for trapping mobile holes. Careful analysis of temperature 
dependent absorption helps to answer this question: i)  The 
first step of CT state formation is temperature independent 
as reported in literature and verified to be valid as shown in 
Figure 1d for our system (see also Figures S18, S7, Supporting 
Information); thus, no unreacted Cu(TFSI)2 should remain up 
to 10 mol% doping concentration ii) hypothetical CuIII as the 
product of hole capture by CuII is highly unstable without suit-
able, stabilizing ligands.[22,48] Based on these findings, we focus 
on CuI as the main trapping center for holes in this system. 
Using impedance spectroscopy, the effect of [CuI(MeCN)4]BF4 
on the Spiro-MeOTAD hole mobility was probed. In impedance 
spectroscopy experiments, a continuous decrease of the zero-
field mobility μh,0 from the pristine (1.1 ± 0.2)∙10–4 cm2 V–1 s–1 
sample to (4.6 ± 0.7)∙10–5 cm2 V–1 s–1 in 8 mol% [CuI(MeCN)4]
BF4:Spiro-MeOTAD was observed (Figure 4b; Figure S19, Sup-
porting Information). Complementary charge extraction by lin-
early increasing voltage CELIV measurements on Cu(TFSI)2 

doped Spiro-MeOTAD revealed an identical trend of contin-
uous decrease of the hole mobility μh in co-evaporated sam-
ples; from (6.1 ± 0.5)∙10–7  cm2 V–1 s–1 in the pristine sample 
to (1.9 ± 0.2)∙10–7 cm2 V–1 s–1 at 7.5 mol% Cu(TFSI)2 (Figure 4c; 
Figure S20, Supporting Information). As show in our previous 
work, co-evaporated samples of Cu(TFSI)2 and Spiro-MeOTAD 
are uniform and pinhole-free, excluding morphological effects 
on carrier mobility in this experiment.[8] Yoo  et  al. studied 
evaporated triarylamine hole conductors, chemically and ener-
getically very similar to Spiro-MeOTAD, doped with the transi-
tion metal oxide ReO3 by impedance spectroscopy and found 
a profound loss in hole mobility. They attributed this effect 
to the ionized dopants acting as coulomb traps.[49] As a con-
sequence, CuI is proposed to act as a hole trap by reversible 
oxidation to CuII, reducing the average mobility of holes μh in 
Spiro-MeOTAD. Further proof for CuI ions acting as hole traps 
is the distinct [CuI(TFSI)2]– trap state freeze-out which recovers 
the mobility below ≈150 K for doping concentrations >3 mol% 
(Figure  3b). Temperature dependent linewidth in EPR experi-
ments verifies this hypothesis, as it suspects a lower charge 
carrier motion frequency above 180 K (EA,trap  ≈ 16 meV) with 
higher EA,Hop, characteristic for an increased average residence 
time on a “free” CuI trap site (Figure 3e).[50]

Having identified CuI as a potent hole trap, we verified if it is 
possible to disrupt the accumulation of harmful [CuI(TFSI)2]– 
species in doped Spiro-MeOTAD via selective ion complexa-
tion. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (Bathocu-
proine, abbr. BCP) proves to be a suitable ligand to achieve the 
targeted selectivity, as it is known to form a stable tetrahedral 
bis-chelating complex with CuI.[51] Additionally, BCP stabilizes 
the copper(I) ion and inhibits further redox chemistry as it 
occurs in the hole trapping reaction.[52] We performed con-
ductivity experiments on solution processed films, as co-evap-
oration does not allow sequential deposition without layered 
structure formation. First, Cu(TFSI)2 was allowed to undergo 
a redox reaction with Spiro-MeOTAD in solution, then BCP 
was added in equimolar amounts to Cu(TFSI)2 into the doped 
mixture solution to complex the resulting CuI ions. CuI(BCP)2 
complex formation was proven by UV/vis/NIR spectroscopy in 
solution and thin films (Figures S21, S22, Supporting Infor-
mation). Afterward, the solution was spun-cast onto commer-
cial interdigitated gold electrodes to determine the thin film 
conductivity σ. Following an initial strong increase, the con-
ductivity saturates at high doping concentrations and even 
starts to decrease due to loss in doping efficiency and detri-
mental effects of by-products such as [CuI(TFSI)2]– (Figure 4d). 
To our surprise, σ was amplified by a factor of 0.8∙104 in 
the presence of BCP compared to the sample without BCP 
at 8 mol% Cu(TFSI)2. However, we also observed a loss in 
solution-processed Spiro-MeOTAD film quality and disrupted 
morphology upon adding Cu(TFSI)2 and [CuI(MeCN)4]BF4, 
similar to our previous work (Figures S23, S24, Supporting 
Information).[8] This effect was mitigated upon adding BCP. 
We argue, that morphology has minor influence on the bulk 
mobility, as both co-evaporated as well as solution-processed 
Cu(TFSI)2:Spiro-MeOTAD display almost identical thin film 
conductivities.[8] Therefore, we conclude that any change in σ 
originates from CuI trap passivation. In essence, CuI species 
as the doping reaction side product was identified as a potent 
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hole trap, whose detrimental effects may be mitigated by selec-
tive complexation.

2.5. Absence of Elemental Cu

A final piece of the puzzle is the question concerning why no 
further reduction of the remaining CuI to Cu0 occurs. This is 
surprising, as studies have proven the capability of a CuI iodide 
salt to successfully oxidize Spiro-MeOTAD with a reported 
copper iodide workfunction of ≈5.5  eV.[4,53,54] To answer this 
question, we refer back to cyclic voltammetry measurements on 
Cu(TFSI)2 solutions in acetonitrile performed earlier (Figure S1, 
Supporting Information). Half-wave potentials of −0.439  V 
versus Ag/AgNO3 for Cu0/CuI and +1.51  V versus Ag/AgNO3 
of the CuI/CuII redox couple were recorded. These values trans-
late to a deep lying EACu(II)/Cu(I) = 6.15 eV, whereas the electron 
affinity EACu(I)/Cu(0) for the reduction to elemental copper is 
positioned at 4.20  eV in the presence of TFSI- anions and in 

acetonitrile. As explained earlier, with respect to the HOMO of 
Spiro-MeOTAD at 5.03  eV, the high EACu(II)/Cu(I) of Cu(TFSI)2 
results in an exothermic single electron transfer between 
Cu(TFSI)2 and Spiro-MeOTAD, explaining the experimentally 
observed high doping efficiency. However, we noticed a low 
electron affinity of 4.20 eV for the reduction of [CuI(TFSI)2]– to 
elemental copper, compared to 5.5 eV for CuI. Because the low 
EA implies an endothermic electron transfer to the HOMO of 
Spiro-MeOTAD, the doping reaction stops at copper(I) with the 
formation of [CuI(TFSI)2]–.

We propose the EACu(I)/Cu(0) discrepancy between copper 
iodide and [CuI(TFSI)2]– lies in the stabilization of the soft 
Lewis acid CuI by the adjacent ligands. Strikingly, Stricker et al. 
performed single crystal analysis on [1-ethyl-3-methylimidazol
ium]+[CuI(TFSI)2]–, characterized by a d10 CuI ion coordinated 
linearly by the two TFSI– anions with an NTFSI,1-Cu-NTFSI,2 
bond angle of 180.0 °. In this compound, TFSI– behaves as a 
monodentate N-donor (κN) ligand. The same cuprate(I) anion 
[CuI(TFSI)2]– is very likely formed during our solvent and 

Scheme 1. Overview of the proposed individual reaction steps involving the small molecule hole-conductor Spiro-MeOTAD and p-dopant Cu(TFSI)2. 
A temperature independent and irreversible redox reaction step first yields oxidized Spiro-MeOTAD+ coulombically bound to the [CuI(TFSI)2]– counter 
ion (Charge transfer state). [CuI(TFSI)2]– is generated as a side product of Cu(TFSI)2 reduction. Here, Cu(II) is depicted as black-, Cu(I) as blue spheres. 
[CuI(TFSI)2]– traps free holes with an average trap depth of EA,Trap = 16 meV. Mobile Spiro-MeOTADx+ charge carriers are thermally released from the 
CT state with an activation energy EA,CT in the order of 11–19 meV. Further, the free charge carrier transport responsible for the macroscopic observed 
conductivity in doped Spiro-MeOTAD is thermally activated with 5–19 meV.
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oxygen free doping environment and responsible for the high 
stability (low EACu(I)/Cu(0)) via complexation and lower NTFSI-Cu 
bond distance of ≈1.9 Å compared to ICu bond distance of 
2.62 Å in γ-CuI.[55–57] To test the possibility for [CuI(TFSI)2]– 
formation, we mixed equimolar amounts of Spiro-MeOTAD 
and Cu(TFSI)2 in dichloromethane. A black, crystal-like salt 
was isolated by an anti-solvent approach (Figure S25, Sup-
porting Information). A [Spiro-MeOTAD]+[CuI(TFSI)2]– com-
position was determined by elemental analysis (See Supporting 
Information). We conclude, that energetic mismatch between 
CuI and Spiro-MeOTAD prevents reduction of Cu(TFSI)2 to 
elemental copper. In addition, [CuI(TFSI)2]– anions are formed 
in Cu(TFSI)2 doped Spiro-MeOTAD, further stabilizing the 
CuI state.

2.6. Doping Mechanism Overview

As a closing remark, we combined all our experimental findings 
to draw the complete doping mechanism between the p-dopant 
Cu(TFSI)2 and Spiro-MeOTAD. We propose three consecutive 
steps in the doping reaction: i) formation of a coulombically bound 
CT state [Spiro-MeOTAD]x+[CuI(TFSI)2

–]x, followed by ii) revers-
ible, endothermic dissociation of the CT state into a free charge car-
rier and counterion and ultimately iii) transport of the free charge 
carriers with concurrent trapping involving the [CuI(TFSI)2]– 
anions. This concept is in line with previously published results 
by Tietze  et  al. on the doping process of zinc phthalocyanine 
(ZnPc) and N,N,N′,N′-Tetrakis(4-methoxyphenyl)-benzidine 
(MeO-TPD) using the p-dopant 1,3,4,5,7,8-hexafluorotetracyanon-
aphthoquinodimethane F6TCNNQ.[22] The proposed mechanism 
is shown in Scheme 1.

3. Conclusion

This report offers a comprehensive in-depth study of the doping 
process of Spiro-MeOTAD using Cu(II) salt, today one of the best 
hole collecting system in perovskite solar cells. The doping process 
itself is monitored by the observed shift of WF toward HOMO 
level and consequent decrease in HIB and the complex doping 
process is fully elucidated. Impedance and electron paramagnetic 
resonance spectroscopy clearly indicate low activation energies for 
hole release and hopping transport. Remarkably small activation 
barriers favor unprecedented doping efficiencies of up to 50% at 
10 mol% doping using Cu(TFSI)2. The reader is invited to recall 
Scheme  1, the central picture outlining all the important find-
ings of this work regarding the mechanism. Prior to this study, 
many physical intricacies regarding Cu(TFSI)2 as a p-dopant for 
Spiro-MeOTAD—and in general for molecular semiconductor 
systems—were poorly described in literature. We could verify the 
temperature-independent formation of charge transfer states, in 
line with general agreements on doped OSCs in literature. The 
CT states comprised of Spiro-MeOTADx+ and [CuI(TFSI)2]– were 
observed to dissociate with an activation energy of (11.4 ± 3.8) meV 
above ≈150 K. Due to complexation of CuI in the cuprate com-
plex [CuI(TFSI)2]–, no further reduction to Cu° can be observed. 
Thermal activation in the range of 5–19 meV leads to free hole 
hopping in the doped Spiro-MeOTAD bulk. The hole mobility was 

found to be greatly influenced by reversible CT state freeze-out, 
causing macroscopic nonlinear temperature dependent conductiv-
ities, which cannot be explained within the framework of charge 
transport models. CuI as the dopant product was identified as a 
potent hole trap limiting the electrical properties. An improved 
understanding of this co-evaporated system provides guidelines 
to passivate these species using bathocuproine, resulting in vastly 
improved electrical conductivity. These findings complement not 
only earlier studies on co-evaporated Cu(TFSI)2:Spiro-MeOTAD as 
a hole transport layer in solar cells, but provide crucial insight into 
copper salts as p-dopants for organic semiconductors.
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Experimental Procedures 

1. Materials and Equipment 

Anhydrous solvents were purchased from Sigma Aldrich / Acros Organics in sealed bottles 

and were used as received. N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-9,9'-

spirobi[fluorene]-2,2',7,7'-tetraamine Solarpur SHT-263 (abbreviated as “Spiro-MeOTAD”) 

and copper(II)oxide were supplied by Sigma-Aldrich, Germany and used as received. Device 

grade, triple-sublimed copper(II)bis(trifluoromethanesulfonyl)imide (abbreviated as 

“Cu(TFSI)2”) for doping experiments was supplied by SIEMENS. 2,9-dimethyl-4,7-diphenyl-

1,10-phenanthroline (abbreviated as “BCP”) was obtained in > 98 % purity from Sigma-

Aldrich, Germany and used as received. Tetrakis(acetonitrile)copper(I)tetrafluoroborate was 

obtained from Sigma-Aldrich, Germany and purified by recrystallisation from anhydrous 

acetonitrile under inert atmosphere immediately prior to experiments to obtain white, flaky 

crystals. Spiro-MeOTAD(PF6)2 was synthesized according to a previously published 

procedure
[1]

. Film thicknesses were measured using a Veeco Dektak 150 Profilometer. Optical 

images of thin films were taken using a Zeiss Axio Imager A1m microscope. Scanning 

electron microscopy was performed with a Phenom Pro SEM by Thermo Fisher Scientific on 

thin films coated onto oxide-free silicon substrates. A 4-segmented detector and accelerating 

voltage of 10 kV were used. Ultraviolet photoelectron spectroscopy was performed on a PHI 

5000 VersaProbe III machine equipped with a helium discharge radiation source providing 

stable and continuous He I and II lines, under ultrahigh vacuum (10
-10

 mbar). Room 

temperature UV/Vis/NIR absorption measurements were carried out using a V-670 JASCO 

spectrometer. Impedance data on devices was measured using a Metrohm Autolab 

PGSTAT204 equipped with an FRA32M module. The NOVA 2.1.4 Software package 

provided by Metrohm, Germany and custom MATLAB code was used to process the 

impedance data. Co-evaporation of Spiro-MeOTAD and Cu(TFSI)2 was performed on a 

Balzers PLS 500 E equipped with quartz crystal microbalances and switchable shadow masks, 

for further information, see previous publications
[2]

. All temperature dependent mobility, 

charge carrier density and conductivity measurements were performed under helium 

atmosphere using an Optistat CF2 He cryostat from Oxford Instruments, UK. Al2O3 thin films 

for Mott-Schottky and CELIV metal-insulator-semiconductor devices were prepared by 

atomic layer deposition from trimethylaluminium and H2O in a VEECO Savannah Gen. 2 

S300. EPR measurements were performed with an X-band spectrometer (Magnettech MS-
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5000) equipped with a continuous-flow helium cryostat (Oxford ESR 900). Density 

measurements were carried out using a Mettler Toledo XP205 digital balance equipped with 

either a Millipore water or cyclohexane reference liquid bath. Solid samples for density 

determination were fabricated by pressing Spiro-MeOTAD and anhydrous Cu(TFSI)2 into 

pellets of 1 cm diameter at 8 tons pressure for 15 min. 

 

 

 

Synthesis of N
2
,N

2
,N

2
',N

2
',N

7
,N

7
,N

7
',N

7
'-octakis(4-methoxyphenyl)-9,9'-spirobi[fluorene]-

2,2',7,7'-tetraamine
I
, [Cu(I)(bis(trifluoromethanesulfonyl)imide)2] salt (1:1) (1) 

 

A 100 mL flame-dried Schlenk flask was evacuated and consecutively flushed with Ar three 

times. The flask was charged with 119.6 mg (9.76∙10
-5

 Mol) Spiro-MeOTAD and 60.9 mg 

(9.76∙10
-5

 Mol) Cu(TFSI)2 under inert atmosphere. 25 mL anhydrous dichloromethane were 

added, which immediately lead to the formation of a dark-purple color. A condenser was 

attached and the solution was stirred at 50 °C under reflux conditions for 2 h. The solvent was 

removed under vacuum and the as obtained powder was dried under high vacuum for 1 h at r.t. 

Single crystals were grown inside a glovebox by dissolving the compound in a minimal 

amount of anhydrous dichloromethane (ca. 1.5 mL) and placing the vial into another, bigger 

container. The outer container was filled with a small amount of anhydrous n-hexane and 

sealed hermetically to create a solvent saturated, inert atmosphere. After 24 h at r.t., black 

single crystals 1.5 mm in diameter were collected from the bottom of the inner vial. The 

crystals were carefully suspended in anhydrous n-hexane to clean the surfaces, ultrasonicated 

for 10 sec and placed on a polyester/cellulose fabric to dry under inert atmosphere yielding 1 

(119.3 mg, 66 %). Elemental analysis calculated (m%) for N
2
,N

2
,N

2
',N

2
',N

7
,N

7
,N

7
',N

7
'-

octakis(4-methoxyphenyl)-9,9'-spirobi[fluorene]-2,2',7,7'-tetraamine
I
, [Cu

I
(TFSI)2] salt (1:1) 

(1849.27 g mol
-1

): C 55.206, H 3.706, N 4.545, S 6.936; found: C 56.41, H 3.87, N 4.63, S 

7.19. 
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Synthesis of copper(II) bis(trifluoromethanesulfonyl)imide for density determination (2) 

 

A 500 mL flask was loaded with copper(II)oxide nanopowder (500 mg, 6.29 mmol), which 

was subsequently dispersed in 150 mL Millipore H2O under strong stirring at r.t. 

Bis(trifluoromethane)sulfonimide (3.54 g, 12.6 mmol) was added in small portions. The 

dispersion was stirred at 80 °C for 4 h, until the black color completely disappears to form a 

light blue solution. Excess copper(II)oxide was removed by gravity filtration. The water was 

removed from the filtrate using a rotary evaporating, resulting in a blue, hydrated crystals. 

The hydrate was converted to the anhydrate by prolonged heating at 180 °C under high 

vacuum, yielding a white powder 2 (2.803 g, 71 %). The anhydrous 

copper(II)bis(trifluoromethanesulfonyl)imide was stored under Ar for further use.  
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2. General methods 

All doping experiments and oxygen/water sensitive reactions were carried out in a nitrogen 

filled mBraun Labmaster 130 glovebox. 

Ultraviolet Photoelectron Spectroscopy 

UPS measurements were carried out on a PHI 5000 VersaProbe III system fitted with a He 

discharge light source providing stable and continuous He I and He II lines, under ultrahigh 

vacuum (ca. 10
-9

 mbar). Samples for UPS measurements were obtained by thermal co-

evaporation of controlled amounts of Cu(TFSI)2 and spiro-OMeTAD on clean ITO (15 Ω sq
-

1
), affording ca. 20 nm thick films (measured by using a dummy sample in a profilometer). 

The samples were transferred from the evaporation chamber to a N2 filled glove box and 

further to the instrument in a nitrogen filled and sealed stainless steel transport vessel. Once 

the samples were loaded into the instrument main chamber, He I source (80 W) was used to 

induce photoelectrons and were collected at 90° take-off angle by using a multichannel semi-

spherical analyzer. Both valence band maximum (VBM) and secondary electron cutoff 

(SECO) signals from the samples were measured by applying -5V between the analyzer and 

the substrate. Both VBM and SECO spectra were collected at least from 3 different areas in 2 

different samples, and only the reproducible measurements were considered for further 

calculations and discussion. The VBM and SECO binding energy values necessary to 

determine ionization potential and workfunction, respectively, were obtained by linear 

extrapolation method. The Fermi level EF of the samples (doped and pristine) were referenced 

to the Fermi level of sputter-cleaned Au foil. The energy resolution of the VBM and SECO is 

0.15 eV, which was derived from the full-width half-maximum of the Au Fermi edge. 
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Table S1. . Ionisation energy IP, workfunction WF and hole-injection barrier of Cu(TFSI)2 

doped and pristine Spiro-MeOTAD HIB, determined by UPS experiments. 

Sample Ionisation Energy IP 

[eV] 

Workfunction WF 

[eV] 

Hole injection barrier HIB 

[eV] 

Pristine Spiro-MeOTAD 5.03 ± 0.15 4.29 ± 0.15 0.74 ± 0.15 

2 mol% Cu(TFSI)2:Spiro-MeOTAD 5.07 ± 0.15 4.68 ± 0.15 0.39 ± 0.15 

4 mol% Cu(TFSI)2:Spiro-MeOTAD 5.23 ± 0.15 4.82 ± 0.15 0.41 ± 0.15 

6 mol% Cu(TFSI)2:Spiro-MeOTAD 5.17 ± 0.15 4.86 ± 0.15 0.31 ± 0.15 

8 mol% Cu(TFSI)2:Spiro-MeOTAD 5.28 ± 0.15 4.95 ± 0.15 0.33 ± 0.15 

10 mol% Cu(TFSI)2:Spiro-MeOTAD 5.35 ± 0.15 5.02 ± 0.15 0.33 ± 0.15 

 

Temperature Dependent UV/Vis/NIR 

For investigating possibly temperature-dependent absorption features of the doped Spiro-

MeOTAD we used a home-built absorption setup. The films were transferred in a continuous 

flow cryostat by Oxford instruments under helium atmosphere and the temperature between 

300K and 5K is controlled by an Oxford Instruments ITC 502. For each temperature step the 

temperature was held constant for 15 min before the measurement. The optical density is 

calculated by analysing the transmission spectra with a Shamrock SR-303i by Andor 

Technology equipped with CCD-camera (Andor iDus DU420-OE). For these experiments the 

(doped) Spiro-MeOTAD were evaporated on quartz glass. 

Electrical conductivity 

Electrical conductivities were measured using commercial Gen4 OFET substrates obtained 

from Fraunhofer IPMS, Germany. Every OFET substrate contains 30 nm thick interdigitated 

gold electrodes, patterned on thermally grown silicon oxide with a channel width of 2.5 µm, 5 

µm, 10 µm and 25 µm and a channel length of 1 cm. The substrates were cleaned by 

sonication in isopropanol and acetone for 10 min each, followed by activation of the surface 

in an ozone plasma for 15 min at 50 °C. 100 nm thick Cu(TFSI)2:Spiro-MeOTAD films were 

deposited by co-evaporation. I-V characteristics were measured using an Agilent 

Technologies B1500A Semiconductor Device Analyzer. The electrical conductivities were 
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extracted from the linear fit of the I-V curve in the Ohmic region according to Equation S1 

below: 

𝜎 =
𝑎 ⋅ 𝐿

𝑊 ⋅ 𝑑
 

(S1) 

 

Where σ: electrical conductivity, a: slope of the linear fit, L: channel length, W: channel 

width, d: film thickness. The film thicknesses were measured after the conductivity 

measurements, using a profilometer. The film thicknesses were measured after the 

conductivity measurements, using a profilometer. 

Solid State Mott Schottky Analysis 

TEC-7 (XOP glass, 1" x 1" x 2.2 mm, 6 – 8 Ω sq
-1

, ~500 nm FTO on glass) substrates were 

etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the substrates 

were brushed manually with sodium dodecyl sulfate and deionized water, followed by ultra-

sonication in 2 vol% aqueous Hellmanex-III solution, water, acetone and isopropanol. The 

substrates were blown dry with nitrogen and pre-treated with O3/UV for 15 min at 50 °C. 100 

nm of Al2O3 were deposited on the FTO-electrodes using ALD (H2O/Al(CH3)3, 15 ms pulse 

duration, 150 °C, 5 s purge time, 1111 cycles), while leaving areas insulator-free for 

contacting the device during measurements. The aluminium oxide layer was passivated by 

spin coating 100 nm of BCB (10 vol% Cyclotene 3022-35 in toluene, 70 μL, 50 sec, 3 krpm) 

on top and soft curing for 10 sec at 250 °C in air, followed by a hard bake at 250 °C for 1 h 

under Argon. 100 nm of Cu(TFSI)2:Spiro-MeOTAD films were co-evaporated onto the 

substrates. Finally, Au electrodes were thermally evaporated using a shadow mask (dAu = 70 

nm). The impedance of the devices was measured with a two-electrode setup and varying 

electrical field (10 kHz to 10 Hz, 8 points per frequency decade, -1.5 to 1.5 VBias in 48 voltage 

steps, 7 mVRMS) using a Metrohm Autolab PGSTAT204 equipped with an FRA32M module. 

The NOVA 2.1.4 Software package provided by Metrohm, Germany and custom MATLAB 

code was used to process the impedance data. The Au top electrode was connected to the 

counter and reference electrode, the FTO contact to the working and sense electrode of the 

potentiostat. Devices under test were shielded from ambient light, external electrical fields 

and kept under inert atmosphere. From the imaginary Z’’ and real Z’ impedance, the 

capacitance of the organic layer was extracted assuming an RS(RC) equivalent circuit: 
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�̂�(𝑖𝜔)𝑅(𝑅𝐶) = 𝑅𝑆𝑒𝑟𝑖𝑒𝑠 +
1

𝑖𝜔𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 +
1

𝑅𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙

 
(S2) 

 

which can be solved for 𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙  to yield 

 

𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝐼𝑚(𝑍)

(−𝐼𝑚(𝑍)2 + (𝑅𝑒(𝑍) − 𝑅𝑆)2)𝜔
 

(S3) 

 

The density of ionized acceptors NA
-
 was the extracted by plotting C

-2
 vs the Boltzmann 

corrected applied bias voltage VBias and fitting (S5) to the linear depletion regime 

 

𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙
−2 =

2

𝜀𝑂𝑆𝐶 𝜀0𝐴2𝑞𝑁𝐴
− (𝑉𝐵𝑖𝑎𝑠 −

𝑘𝐵𝑇

𝑞
) 

(S4) 

 

where 𝜀𝑂𝑆𝐶  and 𝜀0  are the dielectric constants of the organic semiconductor layer 

(Approximated with 3) and the vacuum permittivity, respectively. A
2
 is the area of the organic 

layer in cm
2
, q the elementary charge and kB the Boltzmann constant in eV K

-1
. A minimum 

of 4 working MIS devices were evaluated per dopant concentration. An exemplary fit of 

Equation S4 can be found in Figure S4. 
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Electron Paramagnetic Resonance Measurements 

For EPR meaurements on co-evaporated samples, PET foil of 13 μm thickness was used as a 

substrate. The PET foil was cut into a 2 cm by 5 cm sheet of pre-cut 2 mm stripes and fixed 

onto a metal carrier plate for co-evaporation of 100 nm Cu(TFSI)2:Spiro-MeOTAD, yielding 

a constant sample volume of 1∙10
4
 cm

3
 for all doping concentrations. After deposition, the 

substrate was transferred to the glovebox and the 2 mm stripes were carefully placed into pre-

dried (50 °C, 2 h, vacuum) quartz EPR tubes. The tubes were subsequently sealed using UHU 

Plus Endfest 300 2-component glue under nitrogen, which was degassed under vacuum after 

mixing to exclude enclosed oxygen and water. For each doping concentration, at least two 

individual tubes were prepared to exclude experimental errors. Shipping of the EPR tubes to 

cooperation facilities was conducted in a hermetically sealed, nitrogen filled metal tube closed 

with ISO-KF blind flanges on both ends. EPR measurements were carried out in an X-band 

spectrometer (Magnettech MS-5000) with a resonance frequency of 9.42 GHz and a quality 

factor of 𝑄 ~ 2000 − 3000 . The experimental settings were optimized to a modulation 

frequency of Bmod = 0.02 mT and microwave power of PMW = 0.8 W. For temperature-

controlled measurements, a continuous-flow helium cryostat (Oxford ESR 900) was used. For 

quantitative EPR, the double integral (DI) of the measured signals were compared with a 

reference sample with known spin number (internal reference of the spectrometer). The spin 

number is then given by (s = ½): Nsample =  Nref  ×  
DIref

DIsample
 ×  

Qsample

Qref
 and subsequently scaled 

up to the entire sample size. When determining Nsample , a constant offset for each 

measurement occurs depending on the measurement of the reference sample. 

Negative Differential Susceptance Mobility Measurement 

TEC-7 (XOP glass, 1" x 1" x 2.2 mm, 6 – 8 Ω sq
-1

, ~500 nm FTO on glass) substrates were 

etched with dilute HCl/Zn-dust. After obtaining the etched electrode pattern, the substrates 

were brushed manually with sodium dodecyl sulfate and deionized water, followed by ultra-

sonication in 2 vol% aqueous Hellmanex-III solution, water, acetone and isopropanol. The 

substrates were blown dry with nitrogen and pre-treated with O3/UV for 15 min at 50 °C. 100 

nm of Cu(TFSI)2:Spiro-MeOTAD films were co-evaporated onto the substrates. To avoid 

edge effects, a part of the conductive electrodes was masked with Kapton tape, which was 

removed after the OSC deposition. 100 nm of Au was thermally evaporated on top of the OSC 

layer using a shadow mask to complete the device stack. The impedance of the devices was 
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measured with a two-electrode setup and increasing electrical field (1 MHz to 100 Hz, 25 

points per frequency decade, 0-2 VBias in 15 voltage steps, 10 mVRMS) using a Metrohm 

Autolab PGSTAT204 equipped with an FRA32M module. The NOVA 2.1.4 Software 

package provided by Metrohm, Germany and custom MATLAB code was used to process the 

impedance data. The ITO back contact was connected to the working electrode (WE) and 

sense (S), while the Au top electrode was connected to the counter electrode (CE) and 

reference electrode (RE). Devices under test were shielded from ambient light and external 

electrical fields.  

Based on frequency-dependent capacitance data of ITO/Spiro-MeOTAD:Cu(TFSI)2/Au 

devices, a charge carrier mobility can be extracted based on unipolar space-charge limited 

current theory.
[3]

 Extensive mathematical derivations can be found in the relevant 

literature.
[4,5]

 Efficient electron/hole injection is required, as the transit-time effect responsible 

for the mobility determination using the negative differential susceptance method may only be 

observed, if the injection barrier is smaller than 0.4 eV.
[6,7]

 As demonstrated for (doped) 

Spiro-MeOTAD, ITO forms ohmic contacts with low injection barriers suitable for this 

measurement.
[8]

 First described by Martens et al, the mechanism for occurrence of a negative 

capacitive (= inductive) contribution in a biased, unipolar SCL diode can be formulated as: 

Injected charges move under the influence of an applied bias voltage, taking on a relaxed 

space-charge distribution. Upon applying an external AC stimulus (during impedance 

measurement, Figure S8), the AC current lags behind due to the finite transit time of the 

charge carriers across the film thickness, giving an inductive contribution in the measured 

admittance/impedance for a given frequency range.
[9]

 The inductive contribution induces a 

characteristic negative capacitance region in a C(f) plot (Figure S9). This frequency 

dependent relaxation time can be measured and visualized using the negative differential 

susceptance method (Figure S11); ultimately yielding the charge carrier mobility from the 

transit time. Above the characteristic transit frequency fmax the space charge is not able to 

redistribute within the AC period, and the capacitance approaches the purely geometrical 

capacitance, treating the organic layer as a regular dielectric.
[6] 

Experimentally, the 

capacitance of the organic layer was extracted assuming an RS(RC) equivalent circuit from 

the imaginary Z’’ and real Z’ impedance (Figure S8):
 

 

�̂�(𝑖𝜔)𝑅(𝑅𝐶) = 𝑅𝑆𝑒𝑟𝑖𝑒𝑠 +
1

𝑖𝜔𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 +
1

𝑅𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙

 
(S5) 
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which can be solved for 𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙  to yield 

 

𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝐼𝑚(𝑍)

(−𝐼𝑚(𝑍)2 + (𝑅𝑒(𝑍) − 𝑅𝑆)2)𝜔
 

(S6) 

 

For high parallel resistance, a total RC capacitance may also be calculated according to
[10] 

𝐶𝑆𝑒𝑟𝑖𝑒𝑠 =
−sin (𝜃)

|𝑍|𝜔
 

(S7) 

 

The geometric capacitance CGeo of each device was determined in the high frequency region 

of the C(f)-plot (Figure S9). Together with the measured capacitance, the mobility was 

extracted from the negative differential susceptance −∆𝐵 at different electrical fields. The 

negative differential susceptance −∆𝐵 can be calculated from 

 

−∆𝐵 = −𝜔(𝐶(𝜔) − 𝐶𝑔𝑒𝑜) (S8) 

 

−∆𝐵 (f) displays a global maximum fmax (Figure S11, marked red), which are used to 

calculate the transit time 𝜏𝑡𝑟 

 

𝜏𝑡𝑟 = 0.56𝑓𝑚𝑎𝑥
−1  (S9) 

 

Local maxima above the transit frequency without physical meaning were discarded. The 

mobility can then be extracted as 

 

𝜇 =
𝑑2

𝜏𝑡𝑉𝐵𝑖𝑎𝑠
 

(S10) 

 

with d being the thickness of the organic layer. The zero-field mobility 𝜇0 was calculated by 

extrapolating the obtained Poole-Frenkel type field dependency.  

MIS-CELIV (Metal-Insulator-Semiconductor Charge Extraction by Linearly Increasing 

Voltage) 

The MIS-CELIV technique was employed to extract the hole mobility at room temperature. 

For the MIS-architecture a 25nm thin insulating layer (Al2O3) was deposited on an FTO-
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covered substrate via atomic layer deposition (H2O/Al(CH3)3, 15 ms pulse duration, 150 °C, 5 

s purge time, 278 cycles). These substrates were then transferred to a thermal evaporator 

where the (doped) Spiro-MeOTAD and the gold contacts were evaporated. By applying a 

triangular voltage ramp with a waveform generator (RIGOL DG4102) charges were firstly 

injected and accumulated at the semiconductor-insulating layer and then extracted again via 

the gold contact. The sample response was amplified by a DHPCA-100 (Femto) and recorded 

with a Tektronix TDS3000 oscilloscope. The obtained data was analyzed according to 

Sandberg et al
[4]

. The mobility was calculated by using the following Equation: 

 

𝜇 =  
𝜋2𝑑𝑠

2(1 + 𝑓)

8𝐴 ∗ 𝑡2
 [1 +

𝜋4𝑘𝐵𝑇

2𝑒𝐴 ∗ 𝑡
]

−1

 
(S11) 

 

where ds is the thickness of the Spiro-MeOTAD, f is the ratio between the between the 

geometric capacitance of the Spiro-MeOTAD and the insulator layer (𝑓 =  
𝜖𝑠𝑑𝑖

𝜖𝑖𝑑𝑠
), A is the 

voltage ramp and t is the time in which the current signal rises from the plateau value j0 to the 

2∙j0 value. 
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3. Supporting Measurement Data 

Figure S1. Cyclic voltammogram of Cu(TFSI)2 in anhydrous MeCN (0.95 mg mL
-1

) at 295 K, all 

voltages referenced to a Ag/AgNO3 non-aqueous reference electrode. The working and counter 

electrode consists of two platinum disk electrodes with a diameter of 1 mm. E
1
Peak,anodic = -131.8 mV; 

E
2
Peak,anodic = +2.567 V; E

1
Peak,cathodic = +452.2 mV; E

2
Peak,cathodic = -1.008 V; E

Cu(0)/Cu(I)
1/2 = -438.5 mV; 

E
Cu(I)/Cu(II)

1/2 = +1.510V. 

Figure S2. Differential plot of Cu(TFSI)2 doped Spiro-MeOTAD UV/Vis/NIR absorbance compared 

to pristine Spiro-MeOTAD for different doping concentrations given in the legend (Figure 1c).  
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Figure S3. Temperature dependent UV/Vis/NIR absorption spectra of 10 mol% Cu(TFSI)2 doped 

Spiro-MeOTAD thin films under inert atmosphere at 300 K to 5 K. 

Figure S4. Exemplary fit of Equation S4 to the voltage dependent inverse squared capacitance of 10 

mol% doped, co-evaporated films in a FTO/Al2O3/Hexamethyldisilazane/Cu(TFSI)2 doped Spiro-

MeOTAD/Au structure. The slope yields a charge carrier density NA
-
 of (2.8 ± 0.2)∙10

19
 cm

-3
 for 𝜀𝑂𝑆𝐶  

= 3, A
2
 = 0.04 cm

2
 and T = 300 K in this sample. 
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Figure S5. EPR spectra for different samples investigating Spiro-MeOTAD doped with Cu(TSFI)2. 

Doping concentration of 10.4 mol% leads to a Lorentzian EPR signal while undoped Spiro-MeOTAD 

shows no intrinsic doping. The PET-substrate and Cu(TFSI)2 have no measurable EPR signal. EPR 

parameters (modulation amplitude Bmod and microwave power PMW) were optimized for highest signal 

of 10.4 mol%. 

Figure S6. Linear correlation (grey dotted line) between charge carrier density NA
-
 obtained from 

Mott-Schottky experiments (black circles), as well as spin density NSpins obtained from EPR 

experiments (black triangles) and the integral of the polaron peak between 900 nm and 1500 nm for a 

series of doped films (See UV/Vis/NIR of doped, co-evaporated thin films in Figure 1c).  
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Figure S7. Spin density of 7.5 mol% Cu(TFSI)2 doped Spiro-MeOTAD sample as a function of the 

temperature. Here, the spin density was referenced to the internal spin reference corrected for the 

cavity temperature. Bmod = 0.02 mT, microwave power PMW = 0.8 mW. 
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Figure S8. Temperature- (color bar) and frequency (x-axis) dependent impedance |Z| (left y-axis, 

solid lines) and phase angle (right y-axis, dashed lines) of Cu(TFSI)2 doped Spiro-MeOTAD. 

Determined from impedance measurements on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices inside a 

He cryostat from 350 K to 20 K with a) 0 mol%, b) 1.5 mol%, c) 3 mol%, d) 5 mol% and e) 10 mol% 

Cu(TFSI)2. The electrical field was kept constant at F = 100 kV cm
-1

. 
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Figure S9. Temperature- (color bar) and frequency (x-axis) dependent capacitance C of Spiro-

MeOTAD doped with a) 0 mol%, b) 1.5 mol%, d) 3 mol%, e) 5 mol% and f) 10 mol% Cu(TFSI)2. C 

was calculated according to Equation S6 or Equation S7 from the impedance data shown in Figure S7. 

Determined from impedance measurements on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices inside a 

He cryostat from 350 K to 20 K. For 3 mol%, 5 mol% and 10 mol%, insets are given for better 

visualization of the low-temperature C(f) behaviour (axis units identical main plot). The electrical field 

was kept constant at F = 100 kV cm
-1

. 
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Figure S10. Temperature dependent hole mobilities μh of Cu(TFSI)2 doped Spiro-MeOTAD, 

determined from impedance measurements on FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices using the 

negative differential susceptance -ΔB. Black dashed fit line shows typical ES-VRH behaviour ln(μh) ∝ 

(T0/T)
1/2

 in the case of pristine Spiro-MeOTAD sample. All values were obtained at a constant 

electrical field F = 100 kV cm
-1

. 
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Figure S11. Temperature dependent logarithmic negative differential susceptance log(-ΔB) of 

Cu(TFSI)2 doped Spiro-MeOTAD, determined from impedance measurements on 

FTO/Cu(TFSI)2:Spiro-MeOTAD/Au devices inside a He cryostat from 350 K to 20 K. From the peak 

transition frequencies marked with red triangles, the temperature dependent hole mobility μh can be 

obtained, depicted in Figure 3b. Following Cu(TFSI)2 concentrations were measured: a) 0 mol%, b) 

1.5 mol%, c) 3 mol%, d) 5 mol%, e) 10 mol%. The electrical field was kept constant at F = 100 kV 

cm
-1

. 
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Figure S12. Temperature dependent EPR spectrum of Spiro-MeOTAD co-evaporated with 7.5 mol% 

Cu(TFSI)2 going from 100 K (starting temperature) to 300 K. 
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Figure S13. Temperature dependent conductivities (circles) of a) 1.5 mol%, b) 3.0 mol%, c) 5.0 mol%, 

d) 7.5 mol%, e) 10 mol% Cu(TFSI)2 doped, co-evaporated FTO/Cu(TFSI)2:Spiro-MeOTAD/Au 

devices (data taken from Figure 3a). A variable range hopping model modified by Li et al. for high 

carrier densities and electrical fields was fitted (solid lines) with the parameters shown in each plot as 

a calculation input
[5]

. Here, α
-1

 is the inverse localized length, σ0 the Gaussian DOS width, υ0 the 

attempt-to-jump frequency, Nt the charge carrier density and F the electrical field (assuming 100 nm 

active layer thickness). 
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Figure S14. Logarithmic hole mobility μh of pristine evaporated Spiro-MeOTAD versus the inverse 

square root of the temperature (data taken from Figure 3b). The inset shops a detailed plot of μh 

between 350 K and 100 K. 
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Figure S15. Temperature dependent conductivities (circles) of a) 0 mol% b) 1.5 mol%, c) 3.0 mol%, 

d) 5.0 mol%, e) 7.5 mol%, f) 10 mol% Cu(TFSI)2 doped, co-evaporated FTO/Cu(TFSI)2:Spiro-

MeOTAD/Au devices (100 nm active layer thickness; data taken from Figure 3a). Excluded datapoints 

below non-linearity shown in red crosses. Solid lines represent the linear Arrhenius fit to yield the 

thermal activation energy of conductivity EA,σ for the temperature range 400 K to 350 K summarized 

in Figure S16. 
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Figure S16. Thermal activation energy of conductivity EA,σ of 0 - 10 mol% Cu(TFSI)2 doped, co-

evaporated Spiro-MeOTAD thin films (100 nm). 

Figure S17. Thin film conductivities of Cu(TFSI)2 doped, co-evaporated Spiro-MeOTAD (black 

circles) and a solution processed [Cu(MeCN)4]BF4:Spiro-MeOTAD mixture (red circles) at different 

doping/additive concentrations (black circles). 
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Figure S18. Temperature dependent thin film absorption measurements of co-evaporated Spiro-

MeOTAD:Cu(TFSI)2 samples at various doping ratios ranging from 0 mol% a) to 10 mol% f). 

Measured at 300 K (blue circles), 200 K (blue boxes), 100 K (black crosses) and 5 K (black triangles). 
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Figure S19. Field dependent mobility of solution processed Spiro-MeOTAD thin films mixed with 

different molar amounts of [Cu(MeCN)4]BF4. Linear fits yield the zero-field mobility μ0 at the y-

intercept. All μh values measured using the -ΔB method on FTO/[Cu(MeCN)4]BF4:Spiro-

MeOTAD/Au devices. 
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Figure S20. CELIV measurements on FTO/Al2O3 (25 nm) /Spiro-MeOTAD:Cu(TFSI)2 (200 nm)/Au 

devices. An offset voltage of -3V was applied and the charges were extracted using a ramp of 0.05 V 

µs
-1

. a) pristine Spiro-MeOTAD, b) 1.5mol% of Cu(TFSI)2, c) 3.0 mol% of Cu(TFSI)2, d) 5 mol% of 

Cu(TFSI)2, e) 7.5mol% of Cu(TFSI)2.  
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Figure S21. Normalized UV/Vis/NIR solution spectra of BCP (blue), Cu
I
(BCP)2 (red), 

[Cu
I
(MeCN)4]BF4 (yellow), Spiro-MeOTAD:Cu(TFSI)2 8 mol% (purple) and Spiro-

MeOTAD:Cu(TFSI)2:BCP 8 mol% (green, 1:1 molar ratio Cu(TFSI)2:BCP) in DCM (0.02 mg mL
-1

 of  

BCP, Cu
I
(BCP)2 and Spiro-MeOTAD). The inset shows the region of the oxidized Spiro-MeOTAD 

HOMO/HOMO-1/LUMO/LUMO-1 transition peak at 523 nm, normalized to this peak absorption. 

The formation of Cu
I
(BCP)2 complex (red) increases the absorption at 478 nm for the solution with 

BCP (green) compared to the solution without BCP (purple). All spectra measured under inert 

atmosphere and in anhydrous solvents. 
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Figure S22. Normalized UV/Vis/NIR thin film spectra on quartz substrates of solution processed 

Cu
I
(BCP)2 (red), co-evaporated Spiro-MeOTAD:Cu(TFSI)2 7.5 mol% (yellow) and solution processed 

Spiro-MeOTAD:Cu(TFSI)2:BCP 8 mol% (blue, 1:1 molar ratio Cu(TFSI)2:BCP). The inset shows the 

region of the oxidized Spiro-MeOTAD HOMO/HOMO-1/LUMO/LUMO-1 transition peak at 523 nm, 

normalized to this peak absorption. The formation of Cu
I
(BCP)2 complex (red) increases the 

absorption below 478 nm for the film with BCP (blue) compared to the solution without BCP (yellow). 

All spectra measured under inert atmosphere. 

Figure S23. Unpolarized light microscopic images with a magnification of 50x showing the 

morphology of solution processed films of a) Cu(TFSI)2(8 mol%):Spiro-MeOTAD, b) Cu(TFSI)2(8 

mol%):BCP(8 mol%):Spiro-MeOTAD, c) [Cu(MeCN)4]BF4(8 mol%):Spiro-MeOTAD. Scale bar: 20 

μm. 
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Figure S24. SEM micrographs of pristine Spiro-MeOTAD a)-c), [Cu(MeCN)4]BF4(8 mol%):Spiro-

MeOTAD d)-f), Cu(TFSI)2(8 mol%):Spiro-MeOTAD g)-i) and Cu(TFSI)2(8 mol%):BCP(8 

mol%):Spiro-MeOTAD j)-l) thin films (ca. 100 nm) on silicon substrates at two different 

magnifications. b), e), h) and k) were recorded using the topographic detector mode. 
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Figure S25. Microscopic images of [Spiro-MeOTAD]
+
[Cu

I
(TFSI)2]

-
 crystals before the hexane 

washing step. Lines in the background are 2 mm by 1 mm. 
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Doping Efficiency Calculation 

 

The doping efficiency ηDop was calculated from the amount of ionized Cu
I
 dopant molecules 

NA
-
 obtained from Mott-Schottky measurements, and the total number of dopants NA per unit 

volume. From the mole fraction of the dopant 𝑥𝐶𝑢(𝑇𝐹𝑆𝐼)2  and molar masses of Spiro-

MeOTAD MSpiro and Cu(TFSI)2 MCu(TFSI)2, the average molar mass �̅� of the mixture at a 

given doping concentration can be determined: 

𝑥𝐶𝑢(𝑇𝐹𝑆𝐼)2 =
𝐶𝐷𝑜𝑝

100
 

(S12) 

�̅� = 𝑥𝐶𝑢(𝑇𝐹𝑆𝐼)2𝑀𝐶𝑢(𝑇𝐹𝑆𝐼)2 + (1 − 𝑥𝐶𝑢(𝑇𝐹𝑆𝐼)2)𝑀𝑆𝑝𝑖𝑟𝑜 (S13) 

 

Which in turn gives the mass fraction wCu(TFSI)2 of the dopant: 

𝑤𝐶𝑢(𝑇𝐹𝑆𝐼)2 = 𝑥𝐶𝑢(𝑇𝐹𝑆𝐼)2

𝑀𝐶𝑢(𝑇𝐹𝑆𝐼)2

�̅�
 

(S14) 

 

From wCu(TFSI)2, the average density 𝜌𝑚𝑖𝑥  of the solid mixture is calculated. For Spiro-

MeOTAD and Cu(TFSI)2, densities of 𝜌𝑆𝑝𝑖𝑟𝑜 = (1.159 ± 0.003) g cm
-3

 and 𝜌𝐶𝑢(𝑇𝐹𝑆𝐼)2 = (2.925 

± 0.019) g cm
-3

 were determined experimentally. 

𝜌𝑚𝑖𝑥 =
1

𝑤𝐶𝑢(𝑇𝐹𝑆𝐼)2

𝜌𝐶𝑢(𝑇𝐹𝑆𝐼)2
+

1 − 𝑤𝐶𝑢(𝑇𝐹𝑆𝐼)2

𝜌𝑆𝑝𝑖𝑟𝑜

 
(S15) 

 

Using 𝜌𝑚𝑖𝑥 , �̅� and the Avogadro constant NAvogadro, the absolute number of molecules per 

unit volume N0 (Dopant and Spiro-MeOTAD) for a given doping concentration can be found: 

 

𝑁0 =
𝑁𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜𝜌𝑚𝑖𝑥

�̅�
 

(S16) 
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For a certain doping concentration CDop and volume, the number of dopant 

molecules/acceptors NA present is: 

𝑁𝐴 =
𝐶𝐷𝑜𝑝

100
𝑁0 

(S17) 

 

Which can be used to determine the percentage of ionized acceptors 𝜂𝐷𝑜𝑝 from the density of 

ionized acceptors NA
-
 determined by Mott-Schottky experiments: 

𝜂𝐷𝑜𝑝 = 100
𝑁𝐴

−

𝑁𝐴
 

(S18) 

 

The error of 𝜂𝐷𝑜𝑝  may be determined by propagation of uncertainty, considering the main 

error sources 𝜌𝑆𝑝𝑖𝑟𝑜, 𝜌𝐶𝑢(𝑇𝐹𝑆𝐼)2 and NA
-
 as not correlated. 
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15 Conclusion and Outlook

This thesis and the conducted studies within it show how the optoelectronic properties of lead halide
perovskite layers and charge extraction layers used in lead halide perovskite-based optoelectronic devices
are affected by the processing and the resulting nanostructure of the corresponding layers. The projects
focusing on perovskites (chapters 9-13) show how sensitive the properties of the obtained perovskite
layers are correlated with the processing and the final nanostructure, independent of whether the films
are wet-processed from solution or dry-processed from powders. In the last project (chapter 14), the
mechanism for an alternative, stable and solvent-free doping approach of organic semiconductors, which
are commonly used as charge transport layer in perovskite-based optoelectronic devices, was investigated.

In more detail, my first in-situ study in chapter 9 during spin coating revealed that mixing small amounts
of additive, in this case a passivating agent, into the precursor solution changes the crystallization be-
havior of the forming perovskite film. This was observed for the simpler one-step spin coating method
as well as for the state-of-the-art solvent engineering method. I found that the precusor states were
evolving slightly differently depending on the amount of passivating agent in the precursor solution. In
addition, the final structural as well as optoelectronic film properties were also affected as a consequence
of the present passivating agent. These findings suggest that it could be necessary to revise established
and optimized spin coating recipes when additives such as passivating agents or surfactants are added
to the perovskite precursor solution.
The second study (chapter 10) I conducted using our in-situ spectroscopy setup was inspired by these
findings. Since I understood that small changes in processing conditions, such as an additive or a
variation of the atmosphere, can consequently influence the film formation and the resulting final film
properties, the fundamental idea of my second project was to induce the perovskite crystallization based
on real-time feedback from film properties obtained via optical spectroscopy. I could show that inducing
the perovskite crystallization based on a system-internal parameter (e.g. the solvent layer thickness),
rather than an external (e.g. time) parameter, results in a reproducible film quality independent of a
variation of the processing environment.
These two studies show that the film formation and perovskite synthesis are inseparably linked and thus
many parameters need to be considered when small changes in processing protocol are intentionally
(e.g. composition) or unintentionally (e.g. atmospheric environment) varied. In addition, the presented
works underpin that in-situ methods are an important tool to gain fundamental insights into the sen-
sitive perovskite film formation processes and thus can help to reduce the trial and error optimization
experiments. With this knowledge of the fundamental processes, in-situ methods could be implemented
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into production lines for real-time quality control and, if necessary, to finetune the fabrication steps
depending on the observed change in film properties.

A way to overcome the need for solvent and the sensitive interconnection between material synthesis and
film formation altogether is the use of readily synthesized perovskite powders. The perovskite powders
can be deposited as a thin film via powder aerosol deposition (PAD) as investigated in chapters 11 and
12. This way, the film formation is decoupled from the synthesis step. In the study presented in chapter
11, we could, for the first time, produce perovskite films via PAD and a subsequent hot-pressing step
with a thickness suitable for solar cell application. I succeeded to build and characterize functioning solar
cells with perovskite PAD absorber layers. Unfortunately, the device efficiencies lacked behind those of
their solution-processed counterparts. However, via an in-depth study of the different layers of the solar
cells stack, we could identify limitations of the current processing, such as the detrimental effect of the
PAD process on the ETL properties, and discussed potential steps to overcome these limitations in the
future. The (hot-)pressing step of the PAD perovskite films and how this pressure and temperature
treatment affects the nanostructure and thus the optoelectronic properties was further investigated in
the study in chapter 12. Similar to the solar cell study, it could be observed that pressing at elevated
temperatures increases grain size and orientation, and also reduces the strain and defect density within
the layer compared to pressure treatment at room temperature.
By simple pressing of perovskite powders, thick films, e.g. in form of pellets, can also be produced. In
chapter 13 the influence of different spacer molecules on the crystal structure and thus the correspond-
ing optical properties of low dimensional perovskite thick films was investigated. A variation of spacer
molecule in between the perovskite sheets had a strong impact on the resulting crystal structure and
consequently on the degree of corrugation of the perovskite sheets. I identified that depending on the
degree of corrugation, a systematic change in the optical properties, such as absorption and emission,
of the low dimensional perovskites can be observed. These findings provide important guidelines for the
spacer molecule design and the resulting crystal structures in order to tailor the optoelectronic properties
of novel low dimensional perovskites.
Overall, as the dry powder-based processing decouples material synthesis and film formation, this ap-
proach can be a viable and good alternative to the established wet-processing from solution, once the
process (PAD and pressing) is optimized so that the performance of the resulting devices is on par with
the solution processed ones’.

In the last work within this thesis, chapter 14, the doping mechanism of Spiro-MeOTAD, a commonly
used charge transport material, with Cu(TFSI)2 via co-evaporation was investigated. The evaporation
approach provides an interesting opportunity to further reduce the need for solvents in the fabrication
of solar cells. The additional advantages of this evaporation approach are that the film processing can
be easily controlled, and the dopant within the resulting transport layer is homogeneously distributed
and does not require air-oxidation compared to the typically used doping approach of solution-processed
Spiro-MeOTAD layers. We could identify a three step doping mechanism where first temperature-
independently a dopant-Spiro-MeOTAD complex is formed. Upon temperature activation, this charge
transfer complex can consequently dissociate, and finally a transport of these free charges is enabled.
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This doping process occurs with a remarkable doping efficiency of over 50%. In the larger picture, the
investigated co-evaporation process can, especially in combination with the dry PAD process, thus fur-
ther reduce the need for large quantities of solvents while the controllability of the HTL formation and
its doping efficiency increased. In addition, understanding the doping mechanism and the key processes
will help to foster the development of stable doping strategies for HTL, and thus more stable devices in
the future.

In summary, the findings within this work on the impact of processing and nanostructure on solution- or
dry-processed perovskite and hole transport layer will be beneficial for (1) the improvement for the es-
tablished wet perovskite processing and (2) the development of novel dry perovskite processing and HTL
doping approaches in order to further increase perovskite based optoelectronic device performance.
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GmbH.
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welche Möglichkeiten und Chancen ihr mir eröffnet habt.
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