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1 Abstract

Metal halide perovskites (MHPs) constitute an emerging class of semiconductor mate-
rials that have attracted increasing attention in recent years due to their exceptional
optoelectronic properties, the potential for low-cost production and a wide range of ap-
plications such as X-ray detectors, LEDs, lasers and solar cells. The lab-scale efficiencies
of MHP-based solar cells are today already on par with those of commercial silicon-
based solar cells, and tandem solar cells based on silicon and MHP achieve even higher
efficiencies, encouraging more and more start-ups and companies to develop MHP-based
solar cells.

The progress and achievements in the field of MHPs over the last 15 years are remar-
kable, especially since they were mostly achieved through simple trial-and-error ap-
proaches. However, the still missing profound understanding of the correlation between
morphology, structural and optoelectronic properties as well as the resulting functiona-
lity and stability, now becomes important to resolve the remaining current issues for
commercialization so that the potential of MHP based devices actually comes into play.
The current issues are grouped into technological hurdles such as upscalable processing
methods and the avoidance of toxic solvents as well as MHP material quality-related
hurdles such as improved process control, performance optimization and stability. The
resolution of the purely technological hurdles is addressed in this work by developing,
using and investigating dry (i.e. without any solvent), powder-based pressure proces-
sing approaches for the production of MHP thick and thin films (suitable for use in
X-ray detectors and solar cells), which can potentially be upscaled. At the same ti-
me, these dry powder-based processing approaches are also a valuable tool to overcome
the often used trial-and-error approaches for performance optimization, but to gain a
comprehensive fundamental understanding of the relationship between morphological,
structural and optoelectronic properties. Such fundamental understanding can be key
to resolve current MHP material quality related issues. The possibility of gaining such
a fundamental understanding from the dry powder-based approaches is based on the
high degree of process control because of separated material synthesis and film forma-
tion. This separation is in contrast to common solution-based processing approaches and
enables targeted investigation and improvement of individual processing parameters.
Thus, this work aims for the understanding of morphology and optoelectronic properties
of powder-based pressure-processed lead halide perovskites for improved functionality
and stability, required for commercialization.

The dry pressure processing approaches are based on mechanochemically synthesized
MHP powders, which can be produced in a variety of stoichiometries. However, their
synthesis mechanism (influence of particle sizes and milling parameters) as well as resul-
ting powder morphology and optoelectronic properties are still largely not understood.
Related studies were therefore carried out in Chapter in order to optimize perovskite



1 Abstract

powder synthesis in terms of further processing into films and resulting device functiona-
lity. Here, we found larger reactant sizes to result in prolonged perovskite synthesis and
shortened subsequent crushing stage during ball milling, which goes along with lower
defect density as shown by NQR and TRPL measurements.

The identification of compaction processes occurring during MHP powder pressing, and
systematic investigation of the pressing parameters pressing pressure, pressing time and
pressing temperature with regard to induced film properties were addressed in Chapter
[4:2| by means of time-resolved pressure monitoring and modelling of pressure dependent
thick film densities. Here, I identified particle rearrangement and plastic deformation
(including crushing) as occuring compaction processes during room-temperature pow-
der pressing, where the latter becomes especially important at pressures > 50 MPa.
Besides increased pressure and pressing time I observed an increased pressing tempe-
rature to significantly accelerate compaction which I attributed to a sinter process. In
addition, XRD measurements indicated temperature-induced crystallographic orienta-
tion increasing with pressing temperature.

Having understood both the powder properties and powder compaction during pressing
in Chapters and I studied the influence of MHP powder microstructure on the
compaction processes during pressing and resulting morphological and optoelectronic
thick film properties in Chapter [£.3] Here, I found decreased compaction dynamic for
larger powder particles with stronger sintered connnections between neighbouring par-
ticles by characterization of relaxation times from time-resolved pressure relaxations. In
addition, I concluded plastic deformation to contribute more to the overall compaction
process when pressing powders with larger powder particle sizes. The latter was also
reflected in the degree of crystallite size reduction evaluated from XRD measurements,
which I found to go along with increased defect-associated excited state recombination.
Moreover, we found increased plastic deformation to deteriorate the grain boundary qua-
lity, facilitating ion migration reflected in higher electrical dark conductivities.

Having elucidated the many-faceted structure-properties relationship in powder-based
pressure-processed MHP thick films in Chapter[4.3] I investigated the structure-properties
relationship in powder-based MHP thin films deposited via PAD method in Chapter [£.4]
Here, by using insights from Chapter I specifically induced small morphology dif-
ferences relevant for optimization of high efficiency devices by pressing the films with
different temperatures. An increased temperature resulted in larger grain size and in-
creased preferred crystallographic orientation, i.e. improved film morphology. By means
of temperature-dependent absorption and PL analyses between 300 K and 5 K I found
the induced morphology improvements to be correlated with and increased phase tran-
sition temperature and attributed this to less strain. In addition, including also fluence-
dependent PL analyses and TRPL analyses I found the morphology improvements to
correlate with decreased defect density. Here, I observed that besides often-considered
larger grain sizes also increased preferred crystallographic orientation results in longer
charge carrier lifetimes. The identified correlation of improved film morphology with re-
duced strain and lower defect densities also indicated reduced energetic disorder which
was shown by absorption analyses of the Urbach energy in Chapter



In Chapter [£.5] I carried out profound Urbach energy analyses from PL and absorption
spectra between 300 K and 160 K to investigate the origin of present discrepancies in
Urbach energy values derived from different measurement and analyses methods. As the
Urbach energy is a popular figure of merit representing the performance potential of se-
miconductor materials like MHPs, I aimed to reveal the origin of these discrepancies to
sensitize for reliable and reasonable interpretation and comparison of extracted Urbach
energy values. From profound optical analyses, I concluded that energy-range dependent
exaggeration effects on extracted Urbach energy values are only relevant down to 0.02 eV
below the bandgap where non-Urbach absorption states contribute. Besides that, I at-
tributed general lower Urbach energy values as well as a lower temperature-dependence
of the Urbach energy from PL compared to from absorption to a preferential sensitivity
of PL for sites with lower energetic disorder, i.e. sites of higher film quality. Moreover,
I discussed the lower temperature-dependence of the Urbach energy to potentially also
stem from higher phonon energies in the excited state geometry probed by PL.

In Chapter [£.6] we used our newly developed dry-powder-based MHP thin film processing
approach via PAD and pressing to build up solar cells with completely dry-processed
MHP absorber layer - the first of their kind. Here, using insights from Chapters
and we succeeded in setting the film quality of our dry-processed MHP absorber
layers on par with common solution processed films as proven by e.g. high compaction
visible in SEM images or evaluated Urbach energies from absorption spectra. Remaining
issues at the interfaces between MHP and charge transport layers, e.g. increased ener-
getic disorder of the ETL after PAD processing limiting the overall device performance
were identified. Nevertheless, because of promising approaches presented to overcome
the current issues we are confident that efficient solar cells can be produced with our
novel dry procesing approach in the future.

Overall, the insights gained in this thesis contribute to a profound understanding of mor-
phology and related optoelectronic properties in powder-based pressure-processed lead
halide perovskite films. This gained understanding is valuable for in general improved
MHP film processing and resulting functionality of MHP based optoelectronic devices
such as X-ray detectors or solar cells.






Kurzfassung

Metallhalogenperowskite (MHP) stellen eine aufstrebende Klasse von Halbleitermateria-
lien dar, die in den letzten Jahren aufgrund ihrer auflergewohnlichen optoelektronischen
Eigenschaften, des Potenzials fir eine kostengiinstige Produktion und eines breiten Spek-
trums von Anwendungen wie Réntgendetektoren, LEDs, Laser und Solarzellen immer
mehr Aufmerksamkeit auf sich gezogen haben. Die Wirkungsgrade von Solarzellen auf
MHP-Basis im Labormafistab liegen heute bereits gleichauf mit denen kommerzieller
Solarzellen auf Silizium-Basis, und Tandem-Solarzellen auf der Basis von Silizium und
MHP erreichen sogar noch hohere Wirkungsgrade, was immer mehr Startups und Un-
ternehmen dazu ermutigt, Solarzellen auf MHP-Basis zu entwickeln.

Die Fortschritte und Errungenschaften auf dem Gebiet der MHP in den letzten 15 Jahren
sind bemerkenswert, zumal sie zumeist durch einfache Trial-and-Error Ansétze erzielt
wurden. Das immer noch fehlende tiefgreifende Verstindnis des Zusammenhangs zwi-
schen Morphologie, strukturellen und optoelektronischen Eigenschaften sowie der daraus
resultierenden Funktionalitdt und Stabilitdt wird nun wichtig, um die verbleibenden ak-
tuellen Probleme im Hinblick auf Kommerzialisierung zu beheben, damit das Potenzial
von MHP-basierten Bauteilen tatsdchlich zum Tragen kommen kann. Die aktuellen Pro-
bleme lassen sich in technologische Hiirden wie hochskalierbare Verarbeitungsmethoden
und die Vermeidung toxischer Losungsmittel sowie in MHP materialqualitédtsbezogene
Hiirden wie verbesserte Prozesskontrolle, Performance-Optimierung und Stabilitdt un-
terteilen. Die Losung der rein technologischen Hiirden wird in dieser Arbeit durch die
Entwicklung, Anwendung und Untersuchung von trockenen (d.h. ohne Losungsmittel),
pulverbasierten Druckverarbeitungsansitzen fiir die Herstellung von MHP-Dick- und
Diinnschichten (geeignet fiir den Einsatz in Rontgendetektoren und Solarzellen) ange-
gangen, die potenziell hochskaliert werden konnen. Gleichzeitig sind diese pulverbasier-
ten Ansétze auch ein wertvolles Instrument, um die haufig verwendeten Trial-and-FError
Ansétze zur Performance-Optimierung zu iiberwinden und ein umfassendes grundlegen-
des Verstandnis der Beziehung zwischen morphologischen, strukturellen und optoelek-
tronischen Eigenschaften zu gewinnen. Ein solch grundlegendes Verstdndnis kann der
Schliissel zur Losung der aktuellen Probleme beziiglich der MHP Materialqualitit sein.
Die Moglichkeit, ein solch grundlegendes Verstandnis aus den trockenen pulverbasierten
Ansétzen zu gewinnen, beruht auf dem hohen Grad an Prozesskontrolle aufgrund der
getrennt voneinander ablaufenden Materialsynthese und Filmbildung. Diese Trennung
steht im Gegensatz zu gangigen l6sungsbasierten Verarbeitungsansétzen und ermoglicht
die gezielte Untersuchung und Verbesserung einzelner Verarbeitungsparameter. Somit
zielt diese Arbeit auf das Verstdndnis der Morphologie und der optoelektronischen Ei-
genschaften von pulverbasierten druckverarbeiteten Bleihalogenperowskiten ab, um die
fiir die Kommerzialisierung erforderliche verbesserte Funktionalitdt und Stabilitdt zu er-
reichen.

11



1 Abstract

Die trockenen, pulverbasierten Verarbeitungsansatze basieren auf mechanochemisch syn-
thetisierten MHP-Pulvern, die in einer Vielzahl von Stéchiometrien hergestellt werden
kénnen. Der Synthesemechanismus (Einfluss von Partikelgrofen und Mahlparametern)
sowie die daraus resultierende Pulvermorphologie und die optoelektronischen Eigenschaf-
ten sind jedoch noch weitgehend unverstanden. Daher wurden in Kapitel [£.1] entspre-
chende Studien durchgefithrt, um die Synthese von Perowskit-Pulver im Hinblick auf die
Weiterverarbeitung zu Filmen und die daraus resultierende Funktionalitdt der Bauteile
zu optimieren. Hier haben wir festgestellt, dass groflere Reaktantgroflen zu einer ver-
langerten Perowskit-Synthese und einer verkiirzten anschlieenden Zerkleinerungsphase
beim Kugelmahlen fiithren, was mit einer geringeren Defektdichte einhergeht, wie NQR-
und TRPL-Messungen zeigen.

Die Identifizierung von Verdichtungsprozessen, die wiahrend des MHP-Pulverpressens
auftreten, und die systematische Untersuchung der Pressparameter Pressdruck, Press-
zeit und Presstemperatur im Hinblick auf die induzierten Filmeigenschaften wurden in
Kapitel mittels zeitaufgeloster Druckiiberwachung und Modellierung der druckab-
hédngigen Dickschichtdichten behandelt. Hier identifizierte ich Partikelumlagerung und
plastische Deformation (einschlieBllich Zerkleinerung) als auftretende Verdichtungspro-
zesse wahrend des Pulverpressens bei Raumtemperatur, wobei letzterer bei Driicken
von > 50 MPa besonders wichtig wird. Neben erh6htem Druck und erhéhter Presszeit
beobachtete ich, dass eine erhchte Presstemperatur die Verdichtung deutlich beschleunig-
te, was ich auf einen Sinterprozess zuriickfiihrte. Dariiber hinaus zeigten XRD-Messungen
eine temperaturinduzierte kristallografische Orientierung, die mit der Presstemperatur
zunahm.

Nachdem ich in den Kapiteln und sowohl die Pulvereigenschaften als auch die
Pulververdichtung wéihrend des Pressens verstanden hatte, habe ich in Kapitel [4.3] den
Einfluss der MHP-Pulvermikrostruktur auf die Verdichtungsprozesse wihrend des Pres-
sens und die daraus resultierenden morphologischen und optoelektronischen Dickschicht-
eigenschaften untersucht. Hier fand ich eine verringerte Verdichtungsdynamik fiir gro-
Bere Pulverpartikel mit stidrkeren Sinterverbindungen zwischen benachbarten Partikeln
durch Charakterisierung der Relaxationszeiten aus zeitaufgelosten Druckrelaxationen.
Dartber hinaus kam ich zu dem Schluss, dass die plastische Deformation beim Pres-
sen von Pulvern mit gréfleren Pulverteilchen mehr zum gesamten Verdichtungsprozess
beitragt. Letzteres spiegelte sich auch im Grad der Kristallitverkleinerung wider, der
anhand von XRD-Messungen ermittelt wurde und mit einer erhohten defektassoziierten
Rekombination angeregter Zusténde einherging. Dariiber hinaus haben wir festgestellt,
dass eine verstéirkte plastische Deformation die Qualitdt der Korngrenzen verschlechtert
und die Ionenwanderung erleichtert, was sich in héheren elektrischen Dunkelleitfahigkei-
ten widerspiegelte.

Nachdem ich in Kapitel die vielschichtige Struktur-Eigenschafts-Beziehung in pul-
verbasierten druckverarbeiteten MHP-Dickschichten aufgeklért hatte, untersuchte ich in
Kapitel[d.4]die Struktur-Eigenschafts-Beziehung in pulverbasierten MHP-Diinnschichten,
die mittels PAD-Methode abgeschieden wurden. Hier habe ich unter Verwendung der Er-
kenntnisse aus Kapitel [4.2] gezielt kleine Morphologieunterschiede induziert, die fur die
Optimierung hocheffizienter Bauteile relevant sind, indem ich die Schichten bei unter-
schiedlichen Temperaturen gepresst habe. Eine erhohte Temperatur fiihrte zu grofleren
Korngréflen und einer erhéhten bevorzugten kristallographischen Orientierung, d.h. zu
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einer verbesserten Filmmorphologie. Mit Hilfe von temperaturabhidngigen Absorptions-
und PL-Analysen zwischen 300 K und 5 K konnte ich feststellen, dass die Verbesserun-
gen der Morphologie mit einer erhéhten Phaseniibergangstemperatur korrelieren, was
ich auf geringere Spannungen zuriickfithrte. Dartiber hinaus habe ich mit Hilfe von flu-
enzabhingigen PL-Analysen und TRPL-Analysen festgestellt, dass die Morphologiever-
besserungen mit einer geringeren Defektdichte korrelieren. Dabei stellte ich fest, dass
neben der oft betrachteten grofieren Korngrofie auch die bevorzugte kristallographische
Orientierung zu léngeren Ladungstrigerlebensdauern fithrt. Die festgestellte Korrelation
der verbesserten Filmmorphologie mit reduzierten Spannungen und geringerer Defekt-
dichte deutete auch auf eine geringere energetische Unordnung hin, was durch Analysen
der Urbach-Energie aus Absorption in Kapitel gezeigt werden konnte.

In Kapitel habe ich tiefgreifende Analysen der Urbach-Energie an PL- und Absorp-
tionsspektren zwischen 300 K und 160 K durchgefiihrt, um den Ursprung bestehender
Diskrepanzen in Urbach-Energie-Werten zu untersuchen, die anhand verschiedener Mess-
und Analysemethoden bestimmt wurden. Da die Urbach-Energie eine populdre Kenn-
grofe fiir das Performance-Potenzial von Halbleitermaterialien wie MHPs repréasentiert,
wollte ich den Ursprung dieser Diskrepanzen aufdecken, um zuverldssige und verniinfti-
ge Interpretationen und Vergleiche extrahierter Urbach-Energie-Werte zu ermoglichen.
Aus tiefgreifenden optischen Analysen schloss ich, dass energiebereichsabhingige Uber-
héhungseffekte auf die extrahierten Urbach-Energie-Werte nur bis zu 0,02 eV unterhalb
der Bandliicke relevant sind, wo Nicht-Urbach-Absorptionszustéinde beitragen. Aufler-
dem fiihrte ich die allgemein niedrigeren Urbach-Energie-Werte sowie die geringere Tem-
peraturabhéngigkeit der Urbach-Energie aus PL im Vergleich zu aus Absorption auf eine
bevorzugte Sensitivitdt der PL fiir Stellen mit geringerer energetischer Unordnung zu-
riick, d.h. Stellen mit hoherer Filmqualitéit. Dariiber hinaus habe ich diskutiert, dass die
geringere Temperaturabhéngigkeit der Urbach-Energie moglicherweise auch auf héhere
Phononen-Energien in der von PL untersuchten Geometrie des angeregten Zustands zu-
riickzufithren sein kann.

In Kapitel[4.6/haben wir unsere neu entwickelte, trockene, pulverbasierte MHP-Diinnfilm-
Verarbeitungsmethode mittels PAD und Pressen verwendet, um Solarzellen mit vollstéan-
dig trocken prozessierter MHP-Absorberschicht aufzubauen - die ersten ihrer Art. Unter
Verwendung der Erkenntnisse aus den Kapiteln und ist es uns gelungen, die
Schichtqualitdt unserer trocken prozessierten MHP-Absorberschichten auf das Niveau
herkémmlicher 16sungsprozessierter Schichten zu bringen, wie z.B. durch die in REM-
Bildern sichtbare hohe Verdichtung oder ausgewertete Urbach-Energien aus Absorptions-
spektren belegt wurde. Verbleibende Probleme an den Grenzflichen zwischen MHP und
Ladungstransportschichten, wie z.B. eine erhéhte energetische Unordnung der ETL nach
der PAD-Prozessierung, die die Performance des Bauteils einschrdnken, wurden iden-
tifiziert. Aufgrund der vorgestellten vielversprechenden Ansitze zur Uberwindung der
aktuellen Probleme sind wir jedoch zuversichtlich, dass in Zukunft effiziente Solarzellen
mit unserem neuartigen Trockenprozessierungsansatz hergestellt werden kénnen.
Insgesamt tragen die in dieser Arbeit gewonnenen Erkenntnisse zu einem tiefgreifenden
Verstédndnis der Morphologie und der damit verbundenen optoelektronischen Eigenschaf-
ten von pulverbasierten, druckverarbeiteten Bleihalogenperowskit-Filmen bei. Dieses ge-
wonnene Verstandnis ist allgemein wertvoll fiir verbesserte MHP-Filmverarbeitung und
daraus resultierende verbesserte Funktionalitdit von MHP-basierten optoelektronischen
Bauteilen wie Rontgendetektoren oder Solarzellen.
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2 Introduction

2.1 Motivation

The global warming is a major global challenge of our time, which together with the in-
creasing demand for energy requires the development of more efficient and cost-effective
renewable energies to make decarbonization globally attractive and to provide sufficient
green energy everywhere at all time 2?2

Currently, in the solar energy sector, solar cells with silicon as the active layer are
mainly used>? with efficiencies of around 26.8 % on laboratory scale® and around
24.4 % for standard modules® Higher efficiencies of 33.7 % on laboratory scale® and
around 28.6 % for commercial-sized solar cells are achieved by so-called tandem solar
cells, which consist of silicon and a metal halide perovskite (MHP) as active layers.”
Here, the MHP material constitutes a cost-effective improvement by its appropriate-
ly tuned higher bandgap energy enabling a more efficient use of light in an extended
spectral range towards higher energies'® As a result, such tandem solar cells are today
already on the verge of commercialization” However, solar cells with a pure MHP thin
film as active layer are also of interest, as after only 15 years of research they now already
achieve efficiencies on laboratory scale of 26.1 % that are on par with silicon cells252
These pure MHP solar cells are attractive due to their simple and cost-effective proces-
sing 219 as well as the possibility of novel implementations, e.g., in the form of flexible
and lightweight devices, 2% requestet for especially in the context of the rising "Internet
of Things” (IoT) %12

Besides solar cells, MHPs are also promising for the application in other optoelectro-
nic devices such as LEDs, lasers, photo- and X-ray detectors#19 For the latter, the
successful integration of thick films of the standard perovskite MAPDbIs on pixelated
backplanes for MHP based flat-panel X-ray detector arrays has already been demons-
trated 1218 Tn addition, MHP based sensitivities comparable to those of commercially
established materials such as CdTe, or even higher in the case of a-Se, have already
been achieved on laboratory scale 1220 The development of such novel X-ray technolo-
gies with enhanced sensitivity is of great interest to improve imaging quality and reduce
required radiation dose, thus enabling better and safer diagnosis and therapy of patients.

Essential for the rapid development and improvement of MHP-based devices was the
conceptual recognition that the device functionality is determined by the optoelectronic
film properties, which in turn depend on the structural and morphological film pro-
perties 192522 Thys, remarkable progress has been made through improved processing,
the use of novel stoichiometries and, most common, the incorporation of additives or
passivating agents,?? %% where often a simple trial-and-error approach has been success-
ful 24728 Such simple approach has been used since despite the rapid development of
MHPs a profound understanding of the relationship between morphological, structural
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and optoelectronic properties (often shortly referred to as structure-properties relation-
ship) is still missing#%2" Here, even the reliable and reasonable characterization of a
popular figure of merit for the energetic disorder and the performance potential of semi-
conductors, the Urbach energy, has not yet been fully resolved 2132 The reason for the
still missing knowledge is the complexity of the structure-properties relationship 2230
which is hard to access in common film fabrication methods such as evaporation or,
most popular, solution-based spincoating, as material synthesis and film formation pro-
ceed simultaneously®d To address this issue, the number of resarch studies on optical
in-situ spectroscopy, which aim to identify MHP film formation processes and under-
stand the relationship between structural and optoelectronic properties, is currently
increasing #4Y% Nevertheless, process control remains difficult, which is necessary for a
systematic investigation of the structure-properties relationship B%:33

In view of these considerations, in this thesis I use an alternative attractive film fabrica-
tion approach, namely dry powder-based pressure processing of MHPs, where material
synthesis and film formation occur separately from each other, enabling a high level
of process control. Through this approach, I systematically investigate the morphology
and optoelectronic properties of powder-based, pressure-processed lead halide perovs-
kite films to gain a thorough understanding of the structure-properties relationship for
targeted functionality improvements of MHP based devices.

In the first part of this thesis, in Chapter 2] MHPs are introduced, including film proces-
sing methods, basic optical and structural characteristics, and what is known about the
relationship between these characteristics and film morphology. In addition, MHP device
applications are presented and their prospects for commercialization are discussed. In
Chapter [3] the thesis summary is given with details of what I investigated and found in
the six paper publications contributing to the thesis aim, which is the understanding
of morphology and optoelectronic properties of powder-based pressure-processed lead
halide perovskites. Subsequent to an outlook, the full publications are then presented in
Chapter

16



2.2 Metal Halide Perovskites (MHPs)

2.2 Metal Halide Perovskites (MHPs)

The perovskite class of materials dates back to the discovery of ceramic oxides with the
general molecular formula ABX3 by the mineralogist Gustav Rose in 1839 and got its
name from the designation of the calcium titanate mineral CaTiOs according to the
mineralogist Lew PerowskiB%B8 Today, the perovskite class of materials summarizes all
compounds with ABX3 crystal structure, i.e. compounds with perovskite structure 3739

The formation of a perovskite structure requires the fulfillment of a tolerance factor

po  fatRx (2.1)
V2(Rp + Rx)

between 0.8 and 1.0 by the ionic radii Ra, Rg and RX. Fig. shows the perovs-
kite crystal lattice, which consists of (BXg)*~ octahedra with A cations in between. 4"
The tilting of the octahedra dictates the crystal symmetry space group (crystallographic
phase see Fig. [2.4) 39
The most common stoichiometries of metal halide perovskites (MHPs) are indicated in
Fig. . The standard MHP is methylammonium lead iodide (MAPbI3) %3 In additi-
on, a variety of other stoichiometries exists*? with mixed cation and mixed halide anion

a) b) CsPb(CI/Br), CsPb(I/Br),
CsPbCl,  CsPbBr, CsPbl,

X=Cl,I,Br-

Norm. PL

400 450 500 550 600 650 700 750
Wavelength (nm)

C) Defect Intolerant Defect Tolerant: MAPbI,

Y

/' deep { shallow |
/ states | states !

All-Inorganic Organic-Inorganic bonding
Halide Perovskite Halide Perovskite
A™=Cs*,Rb* A*=CH3NH3*,HC(NH,),* vB

Figure 2.1: a) Sketch of the metal halide perovskite ABXg3 crystal structure with indica-
tion of common stoichiometries. Reprinted as adapted version with permission according
to the CC BY 4.0 license from Dai et al 42 Copyright 2021 by the authors. Licensee MDPI,
Basel, Switzerland. b) Tuning of the PL wavelength by varying the MHP stoichiometry.
Reprinted as adapted version with permission according to the CC BY 4.0 license from
Zhang et al ! Copyright 2022 by the authors. Licensee MDPI, Basel, Switzerland. c)
Electronic structure of a defect intolerant semiconductor material and MAPbDI3 as defect
tolerant semiconductor material. Reprinted with permission from Brandt et al*Z Copy-
right 2017 American Chemical Society.
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MHPs being used, especially with respect to solar cell application, to tune the band gap
and achieve higher efficiencies and improved stability.** Limited stability currently re-
mains as major hurdle on the way to commercialization.® For this reason, besides these
so-called 3D perovskites with ABX3 structure, research is also done on 0D, 1D and 2D
perovskites, which are characterized by higher stability. However, these low-dimensional
perovskites lag behind in their optoelectronic properties and functionality, keeping re-
search focus on 3D perovskites 2340

The integration of MHPs in optoelectronic devices such as solar cells, LEDs, lasers,
photo- and X-ray detectors is attractive due to MHPs beneficial optoelectronic pro-
perties like their high absorption coefficient, high defect tolerance, high charge carrier
mobility and diffusion length /133847 the tunable bandgap by stoichiometry variation
(e.g. Fig. ),13’38’41’44’47 as well as low-cost processing #3514

The exceptionally beneficial optoelectronic properties result from the electronic struc-
ture of MHPs 2% which is essentially determined by the orbitals of the inorganic B and X
anions #BYESET regulting in some similar characteristics as known for classical inorga-
nic semiconductors (e.g. Si or GaAs) 2248 However, MHPs consist of a soft ionic crystal
lattice, 2849 thus differing from classical inorganic semiconductors in terms of specific
structural and optoelectronic properties2%4%bY Basically, in contrast to classical inorga-
nic semiconductors, where conduction band (CB) and valence band (VB) are formed by
antibonding and bonding orbitals, rendering them susceptible to deep defect generation
(Fig. left) 2" the CB minimum and VB maximum in MHPs are formed only by orbi-
tal interactions with antibonding character (Fig. right ) 1327 Consequently, in MHPs
mainly so-called shallow defects are present, which are located close to or in the bands.
The benign nature of such shallow defects is referred to as defect tolerance in MHPs.
Deep defects, e.g. due to halide interstitials, occur only in much smaller numbers4” The
A cation in MHPs does not contribute directly to the band structure, but still influences
the resulting bandgap 442U Exemplarily, this effect becomes clear when substituting the
methylammonium (MA) cation in MAPbI; (Eg ~ 1.6 V) with the formamidinium
(FA) cation to FAPbI; (B, ~ 1.4 €V),” which shifts the bandgap energy down in an
optimum range in terms of solar cell efficiency according to the Shockley-Queisser Li-
mit 422253 Here, the larger FA cation is more prone for hydrogen bond formation with
the inorganic structure than the MA cation, leading to reduced octahedral tilting, which
in turn leads to an increased lead character of the conduction band states and ultimately
to increased spin-orbit coupling, shifting the bandgap to lower energies 2224 MHPs such
as FAPbI3 or MAPbI;3 are referred to as direct bandgap semiconductors 234852 which
is due to their high symmetry crystal structure3
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2.3 MHP Processing Methods

2.3.1 General Overview

Depending on their application, MHPs are processed as thick films (film thickness
> 10 pm up to several mm, e.g. in X-ray detectors)2%2% or thin films (film thickness
<~ 5 pm, e.g. in solar cells) PO7

Polycrystalline thick films can be processed solution-based by e.g. doctor blading®® or
using a mist deposition method”?%Y In addition, powder can be melted so that it re-
crystallizes into a polycrystalline thick film upon cooling 292 Improved optoelectronic
properties are achieved with thick films made of single crystals grown from solution,
as these contain a lower number of bulk defects and grain boundaries (where also de-
fects and strain are localized) compared to polycrystalline films, resulting in modified
optoelectronic properties such as increased charge carrier diffusion and charge carrier
lifetime 8364 However, thick film manufacturing from single crystals is difficult to scale
up, which represents a problem in terms of commercialization ®¥ Furthermore, melting
of perovskite powders is limited to certain perovskite stoichiometries such as CsPbBrj
because the melting temperature may not exceed the degradation temperature%4 and
process control in solution-based methods is complex/0%% In view of these drawbacks,
(hot-)pressing of perovskite powder into thick film pellets (Fig. [2.3p), which is inves-
tigated in this work, represents an attractive alternative processing approach. In this
(hot-)pressing approach, material synthesis and film formation occur separately, enab-
ling a high degree of process control and targeted improvement of individual processing
parameters.®C In addition, the perovskite source powders are feasible in a variety of stoi-
chiometries®® and promising upscaling methods have already been presented (see Section
‘18,69

Since most MHP research is being done with regard to solar cell application, the main
focus in the perovskite community is on thin film processing, for which many different
approaches exist 2% Most common are solution processing methods, since often only
simple and cost-effective equipment is required, and crystallization of the perovskite films
occurs quite fast and at relatively low temperatures 2% The most popular method
is spincoating (Fig. ), where the reactants are dissolved in solution, dropped onto a

a) b) MAPDI,

v Pbli £~
MAI 555 MAPbI,
(—? > —> @ %

, ‘ Pbl, MAI

Figure 2.2: Common MHP film processing methods illustrated for MAPbI3: a) Spin-
coating. b) Thermal vapor deposition. a), b) Reprinted as adapted version with per-
mission from Song et al'®? Copyright 2016 Society of Photo-Optical Instrumentation
Engineers (SPIE). Permission conveyed through Copyright Clearance Center, Inc.
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substrate and distributed by rotation before the solvent evaporates and the perovskite
crystallization takes place2>52 For complete perovskite formation, a subsequent anne-
aling step at 100 to 150 °C is usually necessary.®® Spincoating is well suited for laboratory
scale, yet upscaling this method is difficult. For this purpose, several other solution-based
approaches have been designed specifically for the manufacturing of large-scale thin films
(Section, but corresponding solar cell efficiencies still lag behind those of spincoated
films©»™ Tn addition to solution-based film manufacturing, vapor deposition of reac-
tants onto a substrate on which film formation and perovskite formation take place is a
well-established alternative dry film manufacturing approach (Fig. ), although it is
more laborious and expensive than solution-based methods 25270 Both, solution-based
thin film processing methods and also dry thin film processing by evaporation, however,
share the disadvantage of difficult process control.®® For higher process control, thin
film processing methods in which material synthesis and film formation occur separately
from each other are of interest. However, to the best of my knowledge, up to now, only
one such method has been demonstrated by Nejand et al. which is a wet MHP powder
processing method. In this wet method of Nejand et al., a suspension of MAPbIs powder
is deposited as thin film on a substrate by spray coating at 80 °C and then hot-pressed
with 0.5 MPa at 120 °C™ In this work, I develop a new thin film processing method,
where material synthesis and film formation occur seperately, which is completely dry.
Specifically, in this dry method, mechanochemically synthesized MHP powder is direct-
ly deposited as thin film on a substrate by powder aerosol deposition (PAD) at room
temperature following posttreatmemt by hot-pressing with 25 MPa at 120 °C (Fig. )

2.3.2 Dry Powder-Based Pressure Processing

MHP thin films and thick films investigated in this work are not produced by common
solution processing methods, where material synthesis and film formation occur simulta-
neously, but by dry powder-based pressure processing methods, where material synthesis
and film formation occur separately. This separation makes it possible to investigate the
relationship between material properties and morphological, structural and optoelectro-
nic film properties in order to specifically optimize processing parameters and resulting
film functionality. In addition to the high level of process control thus ensured, these
film processing methods do not use toxic solvents and can be scaled up, which is of great
relevance with regard to commercialization (Section [2.5.2).

Mechanochemical MHP Powder Synthesis

The basis for the dry powder-based pressure processing methods used in this work is
MHP powder (e.g. MAPbI3 or MAPbBr3 powder), which is synthesized via mecha-
nochemical synthesis (Fig. [2.3h). For the mechanochemical synthesis of e.g. MAPbI;
powder, the reactants MAI and Pbly (in powder form) are weighed into a milling jar.
In addition, milling balls and cyclohexane as a milling agent, which is not involved in
the perovskite reaction, are put into the milling jar which is then closed and mounted in
a planetary ball mill. The powders are milled by the rotation of the milling jar around
its own axis, as well as by the rotation of the disc on which the milling jar is fixed in
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Figure 2.3: Dry powder-based MHP film processing methods applied in this thesis il-
lustrated for MAPbDI3: a) Mechanochemical perovskite powder synthesis. b) Powder
(hot-)pressing into thick film pellets. ¢) Powder aerosol deposition of perovskite powder
into a thin film and subsequent (hot-)pressing. b) and ¢) Reprinted as adapted version
with permission according to the CC BY 4.0 license from Biberger et al” Copyright
2023 The Authors. Solar RRL published by Wiley-VCH GmbH.

the planetary ball mill. Through these rotations, the milling balls in the jar are smashed
against the wall of the jar and onto powder located there, thus providing the energy
for the reaction of the reactants to the perovskite (e.g. MAPbI3).%® After completion of
the milling process (total milling time ~ 30 min for MAPbI3), %™ which may include
breaks to avoid excessive heat generation (<~ 40 °C) due to friction,™ the milling jar is
opened to allow the milling agent to evaporate, thus retaining the synthesized perovskite
powder .08

As alternatives to mechanochemical synthesis, other methods for perovskite powder syn-
thesis exist, namely thermal annealing (dry method limited to certain stoichiometries,
which do not degrade at required high temperatures) as well as solution-based sono-
chemical synthesis and precipitation reactions.®? In contrast to solution-based powder
synthesis methods, the morphology of powders resulting from mechanochemical synthe-
sis is not characterized by individual crystals but by agglomerated powder particles,
i.e. aggregates and larger agglomerates/©2°® The mechanochemically synthesized MHP
powders exhibit exceptional long-term stability (> 2.5 years) when stored in nitrogen
atmosphere,%® and larger quantities (kg range) can be synthesized within a few hours
which is useful in view of commercialization™ Moreover, no toxic solvents are requi-
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red in the mechanochemical synthesis and without solubility limitations a wide range
of perovskite stoichiometries can be realized. Here, control of the stoichiometric ratio is
exceeding compared to solution-based methods©#®

Despite these advantages of the mechanochemical synthesis method, only few studies
on the understanding of the mechanochemical synthesis mechanism exist.%? So far, it is
known that rapid crushing of brittle Pbls particles during the milling process promotes
the MAPDI3 perovskite synthesis as the small Pbls particles are squeezed into plastical-
ly deformed MAI particles/™ and that the MAPbI3 perovskite synthesis proceeds faster
for smaller MAI particles®® In addition, Palazon et al. concluded from PL spectra that
continuing the milling process of the inorganic perovskite CsPbBrj after fully completed
perovskite conversion for up to 10 hours leads to crushing of the powder and induction
of defects.®Y However, comprehensive studies regarding the influence of particle sizes and
milling parameters on resulting morphology and optoelectronic properties of mechano-
chemically synthesized MHP powders are still missing®? In this work, related studies
are therefore carried out in order to optimize perovskite powder synthesis in terms of
further processing into films and resulting device functionality.

Powder Pressing to Thick Film Pellets

To make MHP powders usable for optoelectronic devices such as X-ray detectors, they
can be pressed into a compact thick film pellet. Basically, two pressing concepts exist. In
isostatic pressing, high pressures (~ 200 MPa) are applied isotropically via a fluid, where
hot-pressing via temperature control of the fluid is still often limited to temperatures
below 100 °C owing to technological and cost reasons.282 Alternatively, single action
pressing is used, for example, with a hydraulic press or, as in the context of this work,
with a home-built manual press setup, where pressure (up to ~ 300 MPa) is applied
from one direction via a press punch (Fig. ).55’83 Here, the press mold can be hea-
ted, allowing temperatures of up to ~ 150 °C to be realized ®3 For the pressing process,
the MHP powder is filled into the press mold, and pressure is applied by moving the
press punch into the press mold. To prevent the pressed MHP thick film pellet from
sticking in the mold in the course of compaction, a low surface roughness of the press
mold (< 5 pm) and press punch (down to ~ 0.005 pm) is required.5#% Depending on
stoichiometry and powder synthesis, however, MHP powders differ in morphology and
texture, for example, lead-free 0D perovskite powders appear to suffer less from adhesion
problems than MAPbI3 628

The first thick film pellets pressed from MHP powder to be used as active layer in an
optoelectronic device were presented by Shrestha et al. in 2017. These MAPbDI3 thick
film pellets, pressed with 300 MPa at room temperature, had a high relative density
(with respect to the single crystal density) of about 90 % and showed remarkably high
sensitivity under X-ray exposure of 2.5 1C/(Gycm?) at an electric field of 0.2 V/pm.?
Tie et al. pressed lead-free 0D perovskite powder (MA3Bislg) with 200 MPa at room
temperature and even achieved relative densities of 97 %,%% which compared to the work
of Shrestha et al. suggests that the MHP powder morphology and microstructure are
crucial for the compaction processes during pressing and the resulting thick film pro-
perties. However, to the best of my knowledge, studies on the influence of MHP powder
microstructure on the compaction processes during pressing and resulting morphologi-
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cal and optoelectronic thick film properties are still missing. In addition, in general,
knowledge of the compaction processes occurring during MHP powder pressing does not
yet exist, and the pressing parameters - pressing pressure, pressing time and pressing
temperature - have not yet been systematically investigated with regard to induced film
properties. Only from pressing solution-processed MAPDbI3 thin films it is known that
higher pressing pressures and pressing times reduce film thickness™ and higher pres-
sing temperatures increase resulting grain sizes.2"®8 For this reason, this work uses the
home-built press-setup, which allows for time-resolved pressure monitoring, to reveal
the compaction processes during powder (hot-)pressing and to in detail investigate the
influence of the pressing parameters on the resulting film properties.

Pressing Thin Films Deposited via PADM

Transferring MHP powders into a MHP thin film has been limited to wet powder proces-
sing, either directly via suspension deposition or by powder dissolution with subsequent
MHP recrystallization/? In this work, I develop a novel dry MHP powder-based thin
film processing method (Fig. ).72 In this method, mechanochemically synthesized
MAPDI3 powder is deposited by powder aerosol deposition (PAD) at room temperature
to form a thin film, which tends to contain less strain compared to solution-processed
films processed at elevated temperatures or using an annealing step, since the film forma-
tion is not followed by an uncontrolled cooling process”>5) For optimized film proper-
ties, the deposited films are posttreated via hot-pressing with 25 MPa and up to 120 °C,
where elevated pressing temperature induces a sinter effect, allowing for significant im-
provements in film morphology and resulting optoelectronic properties.®” The successful
integration of these MAPDI3 thin films into solar cell configuration represents the first
solar cells with dry-processed MHP absorber layer. Here, the deposition of MHP layers
via PAD with only about 1 pm film thickness and at the same time sufficient quality of
film morphology is key to success™ So far, only about 20 to 35 pm thick CsPbBrjs films
deposited via PAD have been reported to have a suitable quality of film morphology for
application in optoelectronic devices®? However, such a high film thickness is suitable
for photodetectors but not for solar cells 2PV
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2.4 MHP Characteristics

2.4.1 Optical Properties

For MHPs, three different photoinduced absorption processes are observed, analogous
to classical inorganic semiconductors such as GaAs: Band-to-band absorption, exciton
absorption and tail state absorption /2b22014

Band-to-band absorption is a process in which light of a suitable wavelength (energy
equal to or higher than the bandgap energy, see Fig. blue shaded area) induces
optical transitions in the band scheme, i.e. electrons are excited from the VB into the
CB, whereby one hole is generated in the VB for each electron. Here electron and hole
can be considered separately from each other 2!

In MHP materials, also correlated electron-hole pairs, so-called Wannier-Mott excitons,
are photoinduced, i.e. such generated electrons and holes are weakly bound to each
other by Coulomb interaction while spatially extending over a larger area (multiple unit
cells) 2195 Wannier-Mott excitons can be described analogously to the hydrogen atom
(weakly bound electron around positive charge), i.e., with a Rydberg series of energy
levels PLE2MO7 Below the bandgap, the series principally appears in specific exciton ab-
sorption peaks and above the bandgap in a continuum of exciton states superimposed
with band-to-band absorption 2”93 However, for MHPs such as MAPDbI3, only one exci-
ton peak can be observed below the bandgap (Fig. red shaded area),?>8 owing to
broadened linewidths caused by disorder.?¥ This exciton peak below the bandgap is not
yet visible at room temperature, but becomes more pronounced with decreasing tempe-
ratures and is clearly visible below 150 K (Fig. [2.4p) 2103

Additional absorption below the bandgap energy takes place due to so-called Urbach
tail absorption states resulting from static and dynamic disorder, which is reflected in
an exponential band edge (details in Section .32’91’93’94

After optical excitation, electron and hole can again recombine. Recombination under
emission of a photon is described as photoluminescence (PL), where also three processes
are possible: Band-to-band recombination, exciton recombination and defect-related re-
combination 252901 Ty MHPs like MAPbI3, exciton recombination and defect-related
recombination get only relevant at lower temperatures, i.e. below ~ 150 K 109102
Band-to-band recombination describes the recombination of electrons in the CB with
holes in the VBBZELEY The corresponding recombination probability is proportional to
the concentration of free electrons and holes™¥ Due to charge carrier thermalization,
mainly near band edge emission occurs2%99

In the case of radiative exciton recombination (relevant if thermal energy is smaller
than exciton binding energy)®” one distinguishes between free excitons, i.e. freely mo-
ving electron-hole pairs, and bound excitons, i.e. electron-hole pairs bound to defects
or impurities. 2% The PL of bound excitons is red-shifted compared to the PL of free
excitons due to the energy required for binding10%102

Defect-related radiative recombination describes the recombination of charge carriers at
defects and impurities, where the intensity contribution of this emission to the overall PL
depends on the defect density and decreases with increasing fluence (excitation density)
and above a certain temperature t0L102
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Figure 2.4: a) Absorption spectrum of a MAPDI3 thin film measured at 30 K,
which is composed of band-to-band and excitonic contributions. Reprinted with per-
mission from Singh et al® Copyright 2016 American Chemical Society. b) Ab-
sorption spectra of a MAPDbI3 thin film measured between 300 K and 5 K.

25



2 Introduction

c¢) MAPbDI; crystal structure in tetragonal and orthorhombic phase. b), ¢) Reprinted
as adapted version with permission from Panzer et al’! Copyright 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. d) Modeled MAPDI3 single crystal PL at 300 K
with contributions of direct and filtered PL. Reprinted as adapted version with permis-
sion from Schotz et al 0l Copyright 2020 The Royal Society of Chemistry. Permission
conveyed through Copyright Clearance Center, Inc. ) Modeling of single crystal PL
measured at 140 K with direct and filtered contributions of tetragonal and orthorhombic
phase. Reprinted as adapted version with permission according to the CC BY 4.0 license
from Schotz et alt% Copyright 2020 The Authors. Published by WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. f) Scetch of direct and filtered PL after photoexcitation
of a MAPbDI; thin film. Reprinted as adapted version with permission from Witt et al'*
Copyright 2023 The Authors. Published by American Chemical Society. g) Measured
PL (black symbols) and absorption (red symbols) together with calculated absorption
from PL (red line) of a MAPbI3_,Cl, thin film. Reprinted with permission from Staub
et al1% (DOI: 10.1103/PhysRevApplied.6.044017). Copyright 2016 American Physical
Society.

Besides radiative recombination, non-radiative recombination also occurs2%?1 Recom-

bination rates are accessible via time-resolved, i.e. transient PL measurements.*? The as
measured PL decay curves can be described with PL(t) &~ —ko[n(t)]?, i.e. with the decay
of the charge carrier density % = —kin—kon2—ksn3 (rate equation).39 Here k1 describes
non-radiative recombination at defects and non-radiative excitonic recombination and
thus indicates the defect concentration and quality of the investigated sample. The rate
ko describes radiative recombination of electrons and holes and is an intrinsic material
constant. Also an intrinsic material constant is the rate k3, which describes non-radiative
Auger recombination (electron and hole recombine under energy transfer to third charge
carrier) which becomes relevant only at higher excitation fluences®? At low excitation
fluences, i.e. low charge carrier densities, the PL decay is mainly dominated by k1, al-
lowing the measured transient PL to be described approximately as monoexponential
decay with PL(t) ~ —kon3 exp (—2k;t)3%103

Temperature-dependent optical measurements (PL and absorption) from room tempera-
ture down to cryogenic temperatures of 5 K are a valuable tool to access MHPs structural
properties, since e.g. the relevance of defect-related processes as well as the relevance
of structural and dynamic contributions to the energetic disorder changes depending
on the temperature. In addition, temperature-dependent optical measurements can be
used to induce and observe structural dynamics in the form of crystallographic phase
transitions, which enables conclusions to be drawn regarding e.g. strain 21105
For example, cooling MAPbI3 down from room temperature, a phase transition from
the tetragonal phase (above ~ 163 K up to =~ 330 K) to the orthorhombic phase (below
~ 163 K) occurs reflected in the shift of the absorption edge by ~ 0.1 €V to higher ener-
gies (Fig. -b 2l In general, the band edge of MHPs such as MAPbI; shifts to lower
energies with decreasing temperature (Fig. ), which is opposite to the behavior of
classical inorganic semiconductors. The reason for this behavior is the high thermal ex-
pansion coefficient of MHPs such as MAPDbI3 in combination with a positive deformation

26



2.4 MHP Characteristics

potential, so that the negative electron-phonon coupling contribution does not dominate
the temperature behavior of the band edge as in classical inorganic semiconductors /243
In accordance with the bandgap-shift in absorption due to the phase transition from
tetragonal to orthorhombic phase, two peaks (PLtetra and PLgyno in Fig. ) appear
in corresponding PL spectra in the temperature range of the phase transition (between
~160 and 120 K for MAPbI3), which can be assigned to these two crystallographic pha-
ses. 1% In addition to these two peaks, which stem from direct PL, i.e. PL coming directly
from (near) the sample surface, a second peak based on filtered PL occurs respectively
(PLtetra,filt. and PLoyno e, in Fig. ) Filtered PL results from PL which is internally
reflected in the sample and filtered by the sample intrinsic absorption (sketch for thin
film sample in Fig. [2.4f). This effect is called self-absorption and results in red-shifted PL
compared to direct PL (Fig. for pure tetragonal phase at 300 K). In single crystal
samples the filtered PL peak is more pronounced than in thin film samples (where it
appears rather as a shoulder at the low energy edge of the direct PL), since in single
crystals the light can travel longer path lengths due to larger sample thicknesses and
less barriers in the form of grain boundaries and defects 1% At low temperatures below
~ 150 K, additional defect-related PL and PL due to exciton recombination become
relevant as described above19%102 These two PL contributions are also red-shifted to
direct PL and are more pronounced in thin film samples than in single crystals due to
the higher defect density in films /3 10G1UZ10% Both  the less pronounced filtered PL and
the increased defect PL, pose challenges for description and evaluation of the entire PL
shape of thin film samples analogous to single crystals (Fig. green circles).

Interestingly, PL spectrum PL(E) and absorption spectrum «(F) are linked via the

so-called reciprocity theorem!Y3104
2 E
PL(E) x a(E) - E* -exp [ —— ). (2.2)
kgT
According to this theorem, information contained in the absorption edge is also contai-

ned in the low energy edge of the PL, as shown in Fig. [2.4kg /103104
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2.4.2 Urbach Energy

The energetic disorder, a structural characteristic in semiconductor materials, is repre-
sented by the Urbach energy. For crystalline semiconductors like MHPs, the Ur-
bach energy is the sum of temperature-dependent dynamic disorder (i.e. electron-phonon
interaction) and temperature-independent static disorder (i.e. defect-induced disorder
and zero-point phonon energy).B;gl’@HilmﬁlrI The Urbach energy is a popular figure of
merit for the performance potential of semiconductor materials and for the quality of
processed semiconductor samples, as it is correlated to structural and optoelectronic pro-
perties BPIOSIONIIZIT ¢ o 6 the minimum open-circuit-voltage (Voc) deficit of solar
cells (Fig. [2.5h) BLIOTHION
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Figure 2.5: a) Relationship between Urbach energy, Voc deficit and film quality illustra-
ted for MHPs. Reprinted with permission from Subedi et al 19 Copyright 2022 American
Chemical Society. b) Temperature-dependent Urbach energy values and modelling down
to 0 K according to Eq. [2.3]for classic inorganic semiconductors and MAPbI3. Reprinted
with permission from Ledinsky et al®2 Copyright 2019 American Chemical Society. c)
Evaluation of Urbach energies for MAPDbI3 thin films using different measurement me-
thods: Evaluation of absorption tail (left) and evaluation from the horizontal part of the
apparent Urbach energy calculated from absorption taking the derivative (right). Re-
printed as adapted version with permission from Ugur et al L Copyright 2022 American
Chemical Society.
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The Urbach energy can be derived from optical measurements such as PL and absorpti-
on measurements BLS2L0%LI0S Ag already mentioned in Section energetic disorder
results in so-called Urbach tail states, which lead to Urbach tail absorption below the
bandgap energyS29%P3P04 The Urbach tail absorption appears in a characteristic expo-
nential absorption edge, whose steepness is inverse to the Urbach energy 3520394108111
Thus, a steeper absorption edge reflects a lower Urbach energy and thus a higher elec-
tronic quality 2?4 Since absorption and PL are linked by the reciprocity theorem (Eq.
, the Urbach energy can also be extracted from the low energy edge of PL spec-
tra, 32103104

Temperature-dependent optical measurements from room temperature down to lower
temperatures enable the determination of the Urbach energy as a function of decreasing
temperature, i.e., with reducing fraction of dynamic disorder. By modeling the tempe-
rature-dependent Urbach energies down to 0 K according to

0 -1
Ey(T) = B + By = Byt + 2. B [exp (7]?) - 1} (2:3)

the pure static disorder Eff** can be quantified (Einstein temperature g represents char-
ge carrier - phonon interaction) 2224104110 Uging such modeling, surprisingly low static
disorder values below 4 meV have been determined for MHPs such as MAPDbIs, which are
lower than corresponding values for classical inorganic semiconductors (Fig. [2.5p) and
thus demonstrate the high potential of MHPs for efficient optoelectronic devices such as
solar cells 22194 One reason for the remarkably low static disorder in MHPs could be the
high defect tolerance compared to classical inorganic semiconductors, rendering defect-
induced static disorder negligible, so that significant contribution to static disorder is
only given by zero-point phonon energylY However, a comprehensive understanding
of the energetic disorder in MHPs is still missing. Even the reliable determination of
Urbach energy values is still a challenge, because of the fact that different measurement
and analysis methods yield different Urbach energy values (Fig. [2.5¢) 2132 The origin
of these discrepancies is not yet understood. Only the assumption was raised that for
the determination of the physically true value of the Urbach energy a sufficiently low
evaluation energy range (at least 0.1 eV below the bandgap) must be considered,*! but
without showing solid evidence for this. Consequently, although the Urbach energy is a
popular figure of merit, up to now it is not possible to meaningfully interpret the extrac-
ted Urbach energy values because of only poor understanding of Urbach analyses. This
poor understanding motivates me in this work to investigate the origin of the discrepan-
cies in Urbach energy values and to sensitize for reliable and profound interpretation
and comparison of extracted Urbach energy values.
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2.4.3 Role of Morphology on Structural and Optoelectronic Properties

Morphology of MHP samples includes properties such as density and compactness, sur-
face roughness, grain size and crystallite size, as well as crystallographic orientation,
which can be characterized using, e.g., a profilometer or LSM, SEM, XRD and GIWAXS
measurements.

So far, studies concerning the influence of MHP film morphology on resulting structural
and optoelectronic properties have mainly focused on grain size2%118 The reason for
this focus is the direct visualization of grain sizes in SEM images and rather simple
methods to induce specific grain sizes during or after film formation. In solution-based
MHP film processing methods, the grain size can be adjusted by changing the precur-
sor concentration, by adding additives or by hot casting or annealing (i.e. by increased
temperature). Furthermore, hot-pressing also induces increased grain sizes with in-
creasing temperature B9 Ap increased grain size and thus a lower fraction of grain
boundaries has often been shown to lead to increased charge carrier lifetimes, i.e. lower
defect densities and thus higher solar cell efficiencies (PCEs) (Fig. ) BOMS Ap et al.
also observed a decrease in Urbach energy with increasing grain size and related this to
a lower defect density™® Yet, as discussed in Section a profound understanding of
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Figure 2.6: a) Charge carrier lifetime, Urbach Energy and power conversion efficiency
(PCE) as function of grain size for MAPbI3 thin films. Reprinted as adapted version from
An et al M8 with permission from Elsevier. Copyright 2021 Elsevier Inc. b) Concepts of
crystallographic orientation engineering in MHP films. Reprinted with permission from
Li et al 20 Copyright 2023 The Royal Society of Chemistry. Permission conveyed through
Copyright Clearance Center, Inc.
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2.4 MHP Characteristics

Urbach analyses is still missing, since even the origin of discrepancies in Urbach energy
values determined by different measurement and analysis methods is still unsolved 232
In addition, a comprehensive consideration of the influence of the overall film morpholo-
gy on structural and optoelectronic properties is still missing. Recently, the importance
of orientation, i.e. orientation of individual grains as well as crystallographic orientation
(orientation of unit cells), for further improvement of device efficiencies has been recog-
nized 25121 However, studies specifically addressing the role of orientation have only
recently begun, so developing a solid understanding of orientation is still in its early
stages L1S12U1123 Bor example, while different preferred crystallographic orientation is
observed in MHP films, its influence is not yet comprehensively understood. One reason
for this is, that, although orientation can be induced by methods such as precursor en-
gineering or hot-pressing (Fig. [2.6p), it is much more difficult to control and to quantify
than grain size*2!

In this work, film morphology, i.e. grain size and preferred crystallographic orientation,
is specifically induced by (hot-)pressing. Using this approach, comprehensive analyses
are performed regarding the influence of film morphology on structural properties (phase
transition, strain, energetic disorder and defects) and resulting optoelectronic functio-
nality. For these analyses, temperature-dependent optical measurements and solar cell
characterizations are performed with the (hot-)pressed MHP films. Special attention is
devoted to how only small differences in film morphology affect structural and optoelec-
tronic properties in order to evaluate the significance of individual film properties for
device functionality and optimization.
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2.5 MHP Optoelectronic Device Applications

In Section [2.2] the beneficial optoelectronic properties of MHPs, that make them attrac-
tive for integration in optoelectronic devices, were presented. In this work, MHP thick
film pellets are investigated, which are of interest for photodetectors (especially X-ray
detectors due to high absorption coefficient based on high atomic number elements) 2*124
In addition, MHP thin films are investigated and integrated in solar cell configuration.

2.5.1 X-ray Detectors and Solar Cells

Both, solar cells and photodetectors, are light harvesting devices, whose most common
device architecture is the so-called planar heterojunction, i.e. a vertical structure (Fig.
) 1318 Here, the perovskite active layer is sandwiched between an electron transport
layer (ETL) and a hole transport layer (HTL), which direct generated free charge carriers
to the electrodes™® Free charge carriers are generated in the perovskite active layer
through incident light (i.e. incident photons). Generated electrons are discharged via the
ETL to the cathode and holes are discharged via the HTL to the anode (Fig. 2.7p),
resulting in a current that is dependent on the number of induced free charge carriers
and the charge carrier losses on the way to the electrodes /13125

a) b)

Figure 2.7: Perovskite solar cell and photodetector devices: a) Common device architec-
ture. b) Illustration of photophysical processes in the device in an energy level diagram.
Reprinted as adapted version with permission according to the CC BY 4.0 license from
Dong et al T8 Copyright The Author(s) 2023.

2.5.2 Upscaling and Commercialization

Both, solar cells and X-ray detectors, achieve efficiencies or sensitivities on laboratory
scale that are on par with established technologies based on classical inorganic semi-
conductors BBEI20 For X-ray detectors, the present hurdles to commercialization are
current instabilities and high dark currents due to ion migration, which is dominant at
grain boundaries in polycrystalline films. Therefore, passivation approaches are applied
to limit ion migration 82126 Furthermore, upscaling of MHP thick film pellets to at least
10 x 10 em? (better to 30 x 40 cm?) remains a challenge '8 However, upscaling approaches
such as blade-coating and pressing are already being investigated 18 and the assembly of
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2.5 MHP Optoelectronic Device Applications

individual MHP pellets to form a larger area is also being tested®? The integration of
MAPDI;3 pellets on pixelated backplanes for MHP based flat-panel X-ray detector arrays
has already been demonstrated successfully %18

For solar cells, current hurdles to commercialization are mainly instabilities, i.e., insta-
bilities of perovskite active phases (in e.g. FAPbl3) and degradation of perovskite by
light, humidity, and oxygen22%3 In order to impove stability, passivation approaches
and the incorporation of additives are investigated?? Solution-based upscaling approa-
ches are available, such as blade coating, spray coating or slot-die coating, which allow
continuous roll-to-roll processing 2’ However, since film formation in upscaling methods
such as slot-die coating is different from that in e.g. lab-scale spincoating,1*% there is still
research potential for understanding and optimizing solution-based large-scale proces-
sing methods, especially since process control in general still needs to be improved. Solar
modules are fabricated by dividing the active layer into connected subcells to minimize
resistive losses,'?? where commercial-sized solar cells have an area of around 16 x 16 cm?”
Despite the remaining hurdles, the beneficial optoelectronic properties of MHPs, their
cost-effective processing and the possibility for new applications (e.g. tandem or flexible
devices)PLOLLISB8ET a6 attractive and responsible for tandem cells (silicon-MHP ac-
tive layer) being already close to commercialization. In addition, more and more startups
and companies are working on MHP based solar cells/ 71301132

Lead (Pb), contained in MHP films like FAPbI3 or MAPDI; in efficient solar cells, has
been discussed critically with regard to commercialization due to its toxicity2S@%45:127
While lead-free stoichiometries are also being investigated, so far they seem promising
only for X-ray detector applications but cannot compete with high-efficiency lead-based
solar cells yet 521331135 However, the lead issue is already being dealt with in established
silicon-based solar cells, where it is present in the solder for solar modules. Special safe-
ty protocolls exist for established solar cell technologies throughout the entire product
chain from processing until the end of life® The lead content in MHP-based solar cells
is considered relatively low, so that successful safety measures should be feasible 27 In
addition to the toxicity of lead, toxic solvents are also used in solution-based MHP pro-
cessing %7 where, e.g. the use of DMF is restricted by the european union#% Thus,
avoiding such toxic solvents seems inevitable on the way to commercialization. For this
reason, research is now being done on so-called alternative green solvents, i.e. less toxic
solvents for MHP processing 127137

In this work, thick and thin film MHP processing methods are used that are completely
dry, i.e., without any use of solvents, avoiding the issue of solvent toxicity. Furthermo-
re, these dry MHP processing methods are potentially upscalable and enable improved
process control by separating material synthesis and film formation. Hence, these dry
MHP processing methods are also valuable tool to get away from often used try and
error optimization attempts and instead gain a comprehensive understanding of the re-
lationship between morphological, structural and optoelectronic film properties, which
is currently still missing. Thus, understanding this structure-properties relationship is
the aim of this work to identify and overcome current issues regarding MHP material
quality and optimize functionality of MHP-based devices.
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3 Thesis Summary

3.1 Overview Thesis Structure

This thesis aims to understand the morphology and optoelectronic properties of powder-
based pressure-processed lead halide perovskites to improve their functionality. This
issue is addressed by six paper publications (research articles) divided into two parts, as
illustrated in the overview of the thesis structure in Figure [3.1]
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Figure 3.1: Overview of the thesis structure including six paper publications.

The first part including three paper publications (presented in Sections — focuses
on the understanding of the powder properties and the pressure processing and how both
impacts the final film properties. Here, the publication in Section [4.1] investigates the
MAPDI3 powder microstructure and their relation to defect properties, while the publi-
cation in Section@ describes the impact of pressure, pressing temperature and pressing
time on the compaction dynamics and resulting film properties of powder-pressed lead
halide perovskite thick films. Insights from both publications in Sections [£.1] and [£.2] are
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3 Thesis Summary

used to reveal how the MAPbI3 powder microstructure impacts pressure-induced com-
paction and resulting morphological and optoelectronic thick film properties relevant for
e.g., application in X-ray detectors (publication in Section {.3]).

The latter aspect hands over to the second part of the thesis (also including three paper
publications presented in Sections - , investigating the relationship between mor-
phology and optoelectronic properties of halide perovskites. For this purpose, thin films
are considered with regard to the most popular halide perovskite device application,
solar cells. Using insights from the publication in Section [£.2] the publication in Section
investigates how small differences in crystallographic orientation and grain size influ-
ence structural and optoelectronic thin film properties, i.e., the phase transition, strain,
defects and energetic disorder. For the energetic disorder, characterized by the so-called
Urbach energy, discrepancies occur from different measurement and analysis methods,
whose origin is analyzed and revealed in the publication in Section The gained fun-
damental understanding of the Urbach energy is important, as it is a figure of merit for
the performance potential of semiconductor samples and related to solar cell functiona-
lity. In the publication in Section [4.6] the first successful integration of powder-based
pressure-processed MAPDI3 films in a solar cell configuration is demonstrated. Here,
using insights from the publications in Sections and pressure-treatment is
applied to induce improved film morphology for improved optoelectronic properties and
thus improved device functionality.
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3.2 Individual Publications and Their Contribution to the Thesis Aim

3.2 Individual Publications and Their Contribution to the
Thesis Aim

In the following a more detailed summary is given of what I investigated and found
in the six individual paper publications presented in Sections - and how these
publications contribute to the overall aim of the thesis.

How Methylammonium Iodide Reactant Size Affects Morphology and Defect
Properties of Mechanochemically Synthesized M APbI; Powder

In the publication in Section [4.1] we investigated how differences in the mechanochemi-
cal powder synthesis, i.e. different MAI reactant sizes, affect resulting MAPDbI3 powder
properties. For this, we precipitated crystalline MAI by dropping diethyl ether to MAI
dissolved in ethanol. By reducing the amount of diethyl ether and the solution tempe-
rature we precipitated smaller MAI reactant sizes, which we further reduced by milling
in a planetary ball mill. In this way, we prepared three different MAI powders named
Large, Medium and Small, whose average MAI reactant sizes were evaluated from SEM
images to cover about two orders of magnitude (Fig. —c).

Using these three MAI powders we mechanochemically synthesized three different
MAPDI3 powders. From SEM images of MAI reactant powders and corresponding me-
chanochemically synthesized MAPbI3 powders we observed larger MAI reactant sizes to

Figure 3.2: Top row: SEM images of MAI reactant powders with a) small, b) medium
and c) large particle sizes. Bottom row: SEM images of MAPbI3 powders synthesized via
mechanochemical synthesis using the MAI reactant powders d) small, e) medium and f)
large. Reproduced from Section @
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3 Thesis Summary

result in larger MAPbI3 powder particle sizes (Fig. and Fig.[3.3p). Furthermore, we
found decreased reflex widths in XRD patterns of MAPbI3 powders synthesized from
larger MAT reactant sizes, indicating larger crystallite sizes and/or reduced microstrain,
which are both typically related to lower defect densities.

To confirm this relation, we performed nuclear quadrupole resonance (NQR) measure-
ments on the MAPbIs powders to investigate the local structural environment of the
iodide in the MHP crystal lattice. We found narrower peak widths and increased in-
tegrated signal intensity for MAPbIs powders synthesized from larger MAI reactant
sizes, indicating less perturbation of the iodide environment by defects. In addition,
from TRPL measurements of the MAPbI3 powders we extracted lower defect-related
recombination rates ki for MAPbls powders synthesized from larger MAI reactant sizes
(Fig.3.3b). Thus, we revealed larger MAI reactant sizes to correlate with larger MAPbI3
powder particle sizes and reduced defect densities.

To explain this correlation, I contributed to the interpretation of the mechanochemi-
cal synthesis mechanism. Here, I associated larger M AT sizes with a longer duration of
perovskite synthesis and a delayed MAPDbI3 crushing stage during ball milling resulting
in larger MAPbDI3 particle sizes, as proven by XRD and SEM analyses. Besides less frag-
mentation of MAPbIs powder particles I also associated the shortened crushing stage
with reduced defect creation due to less impacting mechanical energy, fully in line with
lower defect densities found for larger powder particle sizes from NQR and TRPL ana-
lyses.
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Figure 3.3: a) Particle size distribution of MAPbI3 powders synthesized via mechano-
chemical synthesis using the MAI reactant powders with small (top), medium (middle)
and large (bottom) particle sizes. b) Defect-related recombination rate k; etracted from
TRPL measurements of MAPbI3 powders synthesized via mechanochemical synthesis
using MAI reactant powders with small, medium and large particle sizes. Reproduced

from Section
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3.2 Individual Publications and Their Contribution to the Thesis Aim

Impact of Pressure and Temperature on the Compaction Dynamics and Layer
Properties of Powder-Pressed Methylammonium Lead Halide Thick Films

To bring perovskite powders into use for application in devices, they must be processed
into a film. Accordingly, in the publication in Section [£.2] I examined in detail the com-
paction dynamics during pressing of halide perovskite powders into thick film pellets
and their resulting morphology.

By means of time-resolved pressure monitoring, I investigated pressure relaxations in
terms of temporal width and shape. Here, I described pressure relaxations taken at
room-temperature by satisfying fits with a biexponential decay function (Fig. ) The
two corresponding characteristic relaxation times indicated two relaxation processes oc-
curring at room-temperature, where I observed the longer one to get more important
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Figure 3.4: a) Normalized first pressure relaxation from pressing MAPbI3 powder with
50 MPa at room-temperature (black circles) together with insufficient monoexponen-
tial fit (green line) and satisfying biexponential fit (orange line). b) Pressure-dependent
relative densities of MAPbDI3 thick film pellets pressed from MAPbI3 powder at room-
temperature (black circles) together with fits according to models of Kawakita, Heckel
and Shapiro. ¢) Temporal evolution of pressure during pressing of MAPbI3 powder with
~ 50 MPa and heating up from room-temperature. A few minutes after the start of
heating, the pressure relaxation accelerates, indicating the sinter onset. d) Relative den-
sity of thick film pelllets pressed from MAPbDI3 powder with 100 MPa as a function of
pressing time for pressing at room-temperature (black circles) and 100 °C (red square).
Reproduced from Section @
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with increasing number of pressure regulations and thus increasing compaction. By mo-
deling pressure-dependent relative densities of powder pressed thick film pellets (Fig.
3.4p) I identified the shorter relaxation process to be associated to particle rearrange-
ment and the longer one to plastic deformation (including crushing). Here, a fit according
to the Heckel model, considering only plastic deformation of powder particles as com-
paction process, described the pressure-dependent relative densities only in an upper
pressure range > 50 MPa. A fit according to the Shapiro model, considering not only
plastic deformation but also rearrangement dynamics of powder particles, described the
pressure-dependent relative densities well in the entire pressure range (similar to the fit
of the empirically derived Kawakita model). From this I concluded that at pressures
< 50 MPa particle rearrangement dominates the pressure induced compaction process,
while at pressures > 50 MPa plastic deformation gets more significant.

Regarding the influence of pressing parameters, I found increased pressure and pressing
time to result in increased pellet densities (Fig. ,d). Furthermore, via time-resolved
pressure monitoring, I observed that the compaction during pressing can be accelerated
significantly by hot-pressing, i.e., by using an elevated pressing temperature (Fig. ,d).
This acceleration is reflected in concavely curved pressure relaxations, (Fig. ), from
which I identified the onset of this temperature-induced accelerated compaction to oc-
cur already at temperatures as low as 30 °C. I associated this temperature-induced third
compaction process with a sinter process. The sintering is supported by SEM images of
pellet top surface (Fig.[3.5a) and cross-section, that show increased pressing temperature
to result in increased grain sizes and reduced surface roughness in line with increased
pellet density. Consequently, for a high pressure-temperature combination of 100 MPa
and 100 °C I obtained relative pellet densities above 97%. In addition, from intensity
analyses of reflexes in XRD patterns, we observed a temperature-induced preferred cry-
stallographic orientation of the (002) plane (parallel to the press punch area) increasing
with pressing temperature (Fig. [3.5b).
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Figure 3.5: a) Top view SEM images of powder pressed MAPbI3 thick film pellets with
100 MPa at room-temperature (RT) and at 100 °C. b) XRD pattern of MAPbI3 thick film
pellets pressed with 100 MPa and temperatures between 23 °C and 100 °C normalized to
the (002) reflex (top) and temperature-dependent (110)/(002) intensity ratio (bottom).
Reproduced from Section @
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How the Microstructure of MAPbI; Powder Impacts Pressure-Induced Com-
paction and Optoelectronic Thick-Film Properties

Using the insights about powder properties from the publication in Section [4.1] as well
as about pressing parameters and compaction processes during powder pressing from
the publication in Section I investigated how the powder microstructure impacts
pressure-induced compaction and resulting morphological and optoelectronic film pro-
perties in the publication in Section

Therefore, MAPbI3 powders with different microstructure (Fig. |3.6p), i.e., different
MAPDI3 powder particle size and degree of sintered particle connections between neigh-
boring particles were synthesized via mechanochemical synthesis using different MAI
and Pbls reactant sizes. In accordance with the insights from Section we found lar-
ger MAI reactant sizes to result in larger MAPbIs powder particle sizes due to a longer
duration of the perovskite synthesis along with a reduced subsequent crushing stage
during ball milling (Fig. top and middle). In addition, we observed exceptional
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Figure 3.6: a) SEM images of MAPbI3 powders with small (top), medium (middle) and
large (bottom) powder particle sizes and sintered connections. b) Characteristic relaxa-
tion times tye (top) and tg, (bottom) and c) evolution of the AP-corrected amplitude
ratio as a function of pressing time from biexponential fits of pressure relaxations during
pressing MAPDbI3 powders with small (green squares), medium (blue dots), and large
(red triangles) powder particle sizes at 25 MPa (dashed lines serve as a guide for the

eye). Reproduced from Section
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growth of MAPDbI3 powder particles during ball milling small reactant sizes (Fig. |3.6p
bottom). I attributed this observation to a prompt perovskite conversion of the reactants
in the milling process followed by the growth of the synthesized MAPbI3 powder par-
ticles via a ponounced sintering effect, which is favored by the limited heat dissipation
capability of small MAPDbI3 particles. Overall, we found powders with larger synthesized
MAPDI3 powder particles to exhibit larger sintered particle connections between neigh-
boring particles (Fig. . According to the described powder microstructure, we named
the powders “Small”, “Medium” and “Large”.

In order to investigate the compaction behavior of these three powders as well as re-
sulting thick film pellet properties, I pressed the powders. Using the gained knowledge
about analyzing time-resolved pressure relaxations from Section I identified decre-
ased compaction dynamic for larger powder particles with stronger sintered connec-
tions, which I quantified by longer characteristic relaxation times ¢, and tg, (Fig.
3.06b). I extracted these relaxation times, which represent the compaction due to par-
ticle rearrangement and shape changing processes (i.e., plastic deformation and crus-
hing), via biexponential decay fits to the pressure relaxations. The identified decreased
compaction for larger powder particles is in line with a lower visible compaction in
SEM images, higher surface roughness and lower densities of resulting thick film pellets.
From the biexponential fits to the pressure relaxations, I also derived the corresponding
pressure-corrected amplitude ratio decreasing with pressing time (Fig. [3.6k). I associa-
ted this decrease with reduced significance of rearrangement processes with increasing
pressing time. From the overall lower amplitude ratio of the MAPbls powder with small
particle sizes I concluded crushing to be the more relevant compaction process among
the shape changing compaction processes in line with the shortest tg, (green symbols in
Fig.|3.6b,c). In addition, I identified increased contribution of plastic deformation to the
overall compaction process for powders with larger particle sizes. Besides that I also ob-
served increased plastic deformation with increasing MAPbI3 powder particle sizes to be
reflected in a higher degree of crystallite size reduction characterized by XRD measure-
ments of final films. From fitting the rate equation (describing the decay of charge carrier
density) to corresponding TRPL curves (Fig.|3.7n), I found the crystallite size reduction

a) —— b) T T T T T A
1F —— Small oA 400 - = B Small T
- 300 ® Medium
—— Medium S 200 £ A ]

- et Large
. 01F . . Large L - ]
€ Crystallite Size eeeeeenee Fiit ~, 100 N .
= X O - -
g oo1 e B I SRE S RE
S o001l 4 =
e o3[ A
N L 4
0.001 ] 5 o02f = .
5 01} -
L o ]

1E-4 X X I ool —v w000

0 50 100 150 200 250 300 70 80 90 100 110 120

Time/ns Crystallite Size / nm

Figure 3.7: a) Normalized transient PL curves with fits according to the rate equation
and b) corresponding rate constant ki (top) and diffusion constant D (bottom) as a
function of crystallite size for pellets pressed at 100 MPa using MAPbI3 powders with
small (green), medium (blue), and large (red) powder particle sizes. Reproduced from

Section @
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3.2 Individual Publications and Their Contribution to the Thesis Aim

to go along with increased nonradiative, defect-associated excited state recombination
and decreased charge carrier diffusion (Fig. [3.7b). Moreover, we found that increased
plastic deformation also deteriorates the grain boundary quality, facilitating ion migra-
tion as observed by higher electrical dark conductivities from impedance spectroscopy
measurements. Thus, I elucidated the many-faceted structure-properties relationship in
powder pressed halide perovskite thick film pellets, which will advance their processing
and resulting functionality when integrated in optoelectronic devices such as X-ray de-
tectors.
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Orientation and Grain Size in M APDbI3 Thin Films: Influence on Phase Tran-
sition, Disorder, and Defects

Besides thick film devices, thin film devices, in particular solar cells, have attracted much
attention due to achieved lab-scale efficiencies on par with commercially established sili-
con devices. For this reason, in the publication in Section [£.4] I also in detail investigated
the structure-properties relationship, i.e., the relationship between morphology (grain si-
ze and crystallographic orientation) and structural and optoelectronic properties (phase
transition, strain, defects, energetic disorder) in MAPbI3 thin films.

Therefore, I used the insights from the publication in Section [.2] to induce slightly
different morphologies in MAPDI3 thin films deposited via PAD method by pressing
these films with different pressing temperatures (CP: Cold-pressed film pressed at room-
temperature, HP: Hot-pressed film pressed at 100 °C). Here, SEM and XRD analyses
confirmed, that increased pressing temperature induces larger grain sizes and increased
preferred crystallographic orientation and thus improved morphological properties.

Via temperature-dependent absorption and PL measurements, I revealed these impro-
ved morphological properties to be related to an increased phase transition temperature
for the transition from tetragonal to orthorhombic phase (Fig. , which I attributed
to less strain resulting from the reduced fraction of grain boundaries. Furthermore, via
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Figure 3.8: Absorption spectra of a) cold-pressed (CP) and b) hot-pressed (HP) MAPbDI3
thin films in the phase transition region between 170 and 100 K. c¢) Optical density at
1.62 eV for temperatures between 170 and 100 K extracted from absorption spectra in
a,b for CP (gray) and HP (red) MAPbI3 thin films. d) Derivative of ¢, where the peak
position is associated with the critical phase transition temperature. Reproduced from
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3.2 Individual Publications and Their Contribution to the Thesis Aim

temperature- and fluence-dependent PL analyses I related the morphological improve-
ments to lower defect densities. In this regard, I found higher ASE peak intensities in
PL spectra measured at 5 K for films with improved morphology ), which indicated
higher crystallinity and longer charge carrier lifetimes. Via TRPL measurements, I inde-
ed quantified the charge carrier lifetime to be longer for films with improved morphology
(Fig. right panel). Here, I observed that besides the often-considered grain size,
also an increased preferred crystallographic orientation results in longer charge carrier
lifetimes (Fig. left panel). The identified reduced strain and lower defect densities
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Figure 3.9: a) Fluence-dependent ASE peak intensity at 5 K and inset with correspon-
ding exemplary PL spectra for CP (gray) and HP (red) MAPDI3 thin films. b) Lifetimes
dependent on 002-preferred orientation after temperature cycling, i.e., cooling the sam-
ple to 5 K and heating it back to room temperature (left panel), and lifetimes dependent
on the 110-preferred orientation without temperature cycling measured at room tempe-
rature for CP (gray) and HP (red) MAPbI3 thin films. Reproduced from Section

for improved morphological properties indicated also less energetic disorder. However,
as especially small morphological differences have been considered with regard to the
optimization of high efficient perovskite-based devices, differences in energetic disorder
could not be resolved by simple PL analyses of the characteristic Urbach energy. Yet,
I resolved differences in energetic disorder from absorption, where I found lower Ur-
bach energies for improved film morphology. The latter I showed in the publication in

Section 4.5
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Understanding Method-Dependent Differences in Urbach Energies in Halide
Perovskites

In the publication in Section [£.5] I aimed to understand the origin of present dis-
crepancies in Urbach energy values extracted via different measurement and analyses
methods. Therefore, we recorded temperature-dependent absorption and PL spectra
quasi-simultaneously on the same MAPDI3 thin film to ensure for reliable sample- and
aging-independent investigations of both, the impact of measurement and analysis me-
thods.

I carried out profound Urbach analyses in an extended energy range down to 0.2 eV
below the bandgap (Fig. ) These Urbach analyses included Urbach Rule fits to
measured absorption spectra (Fig.[3.10p) and calculations of the apparent Urbach ener-
gy Fuyapp from measured absorption spectra where the Urbach energy Ey is given by
the horizontal part of Ey ,pp, representing the purely exponential disorder related part
of the absorption edge (Fig. [3.10p). I also extracted the Urbach energy from measured
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Figure 3.10: Extraction of Urbach energy values Ey from absorption and PL spectra of
a MAPDI3 thin film: a) Measured absorption spectra from 300 K down to 160 K (circles)
with fits according to the Urbach Rule (solid lines). b) Absorption spectra as measured
(black) and without scattering offset (grey) at 260 K and therefrom calculated apparent
Urbach energy Ey app (red). ¢) Measured PL spectra from 300 K down to 160 K (left)
and exemplary fits of the low energy edge (right). d) Measured PL spectrum at 180 K
(black) and therefrom calculated Ey app (red). The Urbach energy Fy in b,d is given by
the horizontal part of the Ey ,pp profile (red dashed line). Reproduced from Section
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PL spectra. Here, I performed low-energy-edge fits (Fig. [3.10c) as well as entire shape
fits considering direct and filtered PL calculated via the Beer-Lambert law by using the
intrinsic PL lineshape (Section . In addition I fitted the Urbach Rule to absorption
spectra which I calculated from measured PL spectra via the reciprocity theorem (Sec-
tion and I also calculated the apparent Urbach energy Fy app from measured PL
spectra where the Urbach energy Ey is given by the horizontal part of Ey ,pp, represen-
ting the purely exponential disorder related part of the low-energy PL edge (Fig. 3.10d).
Applying these Urbach analyses methods for absorption and PL spectra between 300 K
and 160 K of the same MAPbDI; thin film, I observed that (1) The Urbach energies extrac-
ted from measured absorption spectra were higher than the Urbach energies extracted
from measured PL spectra. (2) For measured absorption spectra, the apparent Urbach
energy method gave lower Urbach energy values compared to corresponding values from
Urbach Rule fits. In contrast for measured PL spectra all methods lead to similar Urbach
energy values (Fig.[3.11b grey squares). From the latter, by considering the energy range
used for Urbach energy extraction, I concluded that energy-range-dependent exaggera-
tion effects on the Urbach energy due to non-Urbach absorption states are relevant only
about 0.02 eV below the bandgap (Fig. ,b). To check if the overall lower Urbach
energy values from measured PL compared to measured absorption originate from an
additional energy range dependent effect which starts to contribute below 1.55 eV or
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Figure 3.11: Comparison of Urbach analysis methods of measured PL (left) and absorp-
tion spectra (right) performed for a MAPbDI3 thin film (grey squares) and MAPbI3 single
crystal samples (green circles): a) Maximum Ey extraction energy range between 300 K
and 160 K. b) Urbach energy Ey at 260 K. ¢) Slope of linear fitting to the temperature-
dependence of the Urbach energy Ey. Reproduced from Section @
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from a different sensitivity of the measurement methods for energetic disorder, we also
evaluated absorption and PL spectra of single crystal samples. For single crystal samp-
les the relevant energy range for Urbach energy extraction is below 1.55 eV for both
absorption and PL (Fig. [3.11p). From the single crystal analyses, I observed that inde-
pendent of the evaluated energy range above or below 1.55 eV from PL in general lower
Urbach energies are derived (Fig.[3.11b). Besides in general lower Urbach energies I al-
so identified a lower temperature-dependence of the Urbach energy from PL than from
absorption quantified by the slope of linear fits to the temperature-dependent Urbach
energies (Fig.[3.11f). Having excluded energy range dependent effects, I attributed these
general discrepancies dependent on the measurement method to a preferential sensitivity
of PL for sites with lower energetic disorder and thus sites of higher film quality. In addi-
tion, I discussed that the lower temperature-dependence of the Urbach energy from PL
could also stem from higher phonon energies in the excited state geometry probed by PL.
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3.2 Individual Publications and Their Contribution to the Thesis Aim

First of Their Kind: Solar Cells with a Dry-Processed Perovskite Absorber
Layer via Powder Aerosol Deposition and Hot-Pressing

The publication in Section demonstrates fully working solar cells with dry-processed
powder-based lead halide perovskite absorber layer — the first of their kind. Here, MAPbI3
thin films deposited via PAD method were successfully integrated in solar cell configu-
ration.

Using the insights from the publications in Sections [£.2] [4.4] and I hot-pressed the
MAPDI3 PAD thin films to improve their morphological and optoelectronic properties.
Via profilometer measurements, I quantified a reduction in surface roughness Ra by
about 92% to a mean value of ~18 nm and a reduction in film thickness by about 37%
to ~1 pum upon pressing, both indicating increased compaction of hot-pressed MAPbI3
PAD thin films. This increased compaction is also visible in SEM images as well as in
the shiny gray appearance of the films after hot-pressing compared to the matt black
appearance before hot-pressing (Fig. ) We also found the hot-pressing to result in
increased preferred crystallographic orientation. I attributed these morphology improve-
ments resulting from the compaction upon hot-pressing to stem from a sinter effect fully
in line with the publications in Sections and

Using insights from the publications in Sections [£.4] and [L.5] I investigated the impact
of these morphology improvements on the optoelectronic film properties. From Urbach
analyses, e.g. Urbach Rule fits to measured absorption spectra, I extracted significantly
decreased Urbach energy for pressure-treated films (Fig. ) Moreover, from TRPL
curves we found longer charge carrier lifetimes for pressed MAPDI3 thin films, as ex-
pected from the publication in Section [£.4] Both, the decreased Urbach energy and the
increased charge carrier lifetime of pressed MAPDI3 thin films were on par with optoelec-
tronic properties of common solution-processed films and thus confirmed the suitability
of the pressed MAPbDI3 thin films for efficient solar cells.

a) b)
 pristine. | T — = ==
: 100 E
Lo URUUIURRRRRILL E, =24 mev
E,~ 16 meV
Q - ]
O 102} ++= pristine i
-+ pressed
= pristine offcor. 1
3 ]
10 y — pressed offcor. 3
f — exp. fit ]
10 = . : ' L
1.55 1.60 1.65
Energy (eV)

Figure 3.12: MAPbDI3 thin film properties: a) Photographs (left) and top-view SEM
images (right) of pristine (top) and pressed (bottom) MAPbI3 PAD thin films. b) Ab-
sorption spectra of pristine (blue) and pressed (red) MAPbIs PAD thin film as measured
(dotted) and offset corrected (line). Exponential fits according to the Urbach Rule (black
lines) are applied to extract thte respective Urbach energy. Reproduced from Section
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3 Thesis Summary

However, the efficiency of the devices lagged behind literature values due to issues at the
interfaces between perovskite layer and charge transport layers. Here, using insights from
the publication in Section [£.5] from absorption spectra of the electron transport layer
(SnOq layer) I extracted increased Urbach energies, i.e., increased energetic disorder after
PAD processing (Fig.[3.13h). We discussed that this increased energetic disorder could be
associated with an increased defect density due to the mechanical energy impacting du-
ring PAD processing or attributed to the incorporation of Pb into the electron transport
layer, both limiting the electrical functionality of the electron transport layer. Regar-
ding the latter aspect, we indeed found enhanced Pb-related signals in the XPS spectra
of electron transport layers that underwent PAD treatment (Fig. [3.13p). Furthermore,
light-intensity-dependent J-V measurements indicated interface recombination, which
we attributed to the formation of hydrates at the perovskite surface, i.e. at the interface
between perovskite and hole transport layer.
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Figure 3.13: SnOq layer properties: a) Urbach energy of a native SnOq layer serving
as reference (purple), a SnOq layer after removing a solution-processed MAPDI3 film
(orange), a SnOy layer after removing a pristine MAPbI3 PAD film (blue), and a SnO»
layer after removing a pressed MAPbI3 PAD film (red). b) Pb4f signals in XPS spectra
of the samples in a. Reproduced from Section @

Nevertheless, as promising approaches exist in literature to overcome the current hurdles
(e.g. defect engineering and optimized preparation of the SnOs layer, moving all pro-
cessing steps in dry athmosphere), we are confident that efficient halide perovskite solar
cells can be achieved with our novel dry processing approach in the future and that in
comparison to common solution processing methods, advantages like high process con-
trol and suitability for upscaling come into play.

Overall, my investigations in the six paper publications provide a profound under-
standing of morphology and related optoelectronic properties induced in powder-based
lead halide perovskite films by pressure processing. This gained understanding of the
structure-properties relationship enables targeted improvements in film processing and
resulting functionality of corresponding optoelectronic devices such as X-ray detectors
or solar cells.
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3.3 Outlook

3.3 Outlook

In this thesis I investigated the structure-properties relationship of MHPs by using
powder-based pressure processing approaches for MHP thick films and thin films. These
approaches, in which perovskite synthesis and film formation occur separately, enabled
systematic investigations for a thorough understanding of MHP film morphology and re-
lated optoelectronic properties. The gained understanding is of interest not only for the
powder-based MHP processing community but also for the MHP processing community
in general as in common solution-based processing approaches uncovering the relation-
ship between morphology and optoelectronic properties is difficult. This difficulty lies in
the complexity of the interplay between perovskite synthesis and film formation occuring
simultaneously. As I adressed both thick and thin film processing my results are also of
interest for a wide range of applications (e.g. X-ray detectors and solar cells) and thus
for large parts of the application oriented MHP community. Moreover, my investigations
on discrepancies between multiple extraction methods of the Urbach energy, a popu-
lar figure of merit for the performance potential of semiconductors, are relevant for the
crystalline semiconductor community.

My results push for some specific processing approach related follow-up studies as well
as for some more general MHP related follow-up studies, which are not limited to the
processing approaches presented in this thesis. Regarding the latter, based on the obser-
ved correlation between preferred crystallographic orientation and excited state pro-
perties, future research should disentangle the influence of different crystallographic
orientations, not only out-of-plane but also in-plane. In addition, the extension of investi-
gations on pressure-induced preferred orientation from 3D MHPs to e.g. 2D Ruddlesden-
Popper perovskites could be exciting, as here, pressure also seems to be a promising
stimulus to adjust the film properties and performance. Via Urbach energy analyses I
extracted comparable low static disorder values for both single crystal and thin film
MHP samples. These low values are desired in terms of optoelectronic performance,
however further investigations to fundamentally understand the origin of these low
values are needed. The identified correlation of strain with excited state properties
forces the differentiation between types of strain and their respective impact, where an
improved understanding of strain seems highly relevant not only in terms of performance
but also stability.

Processing approach related follow-up studies include the transfer of the film proces-
sing to a humidity-controllable system in order to evaluate the effects of humidity and
optimize performance and stability. In addition, for performance optimizations of dry-
processed solar cells, the transfer to an inert atmosphere should be envisaged, as well as
the use of a more robust ETL, defect engineering and passivation approaches. Moreover,
other stoichiometries such as FAPbI3 could be used, which enable higher efficiencies in
accordance to the Shockley-Queisser limit. Here, investigations on phase transitions and
stability would render optical in-situ measurements during pressing highly desirable.

In summary, all recommended follow-up studies aim for improved stability and per-
formance optimization in order to enable the commercialization of MHP-based opto-
electronic applications. The rising number of start-ups and companies focusing on the
realization of solar cells with an integrated MHP layer underlines the potential of MHP
based technologies and the relevance of my research work.
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3.4 Authors’ Contribution

How Methylammonium Iodide Reactant Size Affects Morphology and Defect
Properties of Mechanochemically Synthesized M APbI; Powder

This work is published in Furopean Journal of Inorganic Chemistry 2023 26, ¢202200736.
The authors are:

Nico Leupold, Philipp Ramming, Irene Bauer, Christina Witt, Jennifer Jungklaus,
Ralf Moos, Helen Griininger, and Fabian Panzer.

Fabian Panzer supervised the project and Nico Leupold coordinated the measurements.
Powders were manufactured by Irene Bauer and Jennifer Jungklaus. Angelika Mergner
and Nicole Hall recorded SEM images, from which Nico Leupold evaluated particle sizes,
all under supervision of Ralf Moos. Nico Leupold conducted XRD measurements and
analyzed them. Helen Griininger performed NMR and NQR measurements and carried
out corresponding analyses. Philipp Ramming measured and analyzed PL spectra und
TRPL curves. Nico Leupold and Fabian Panzer interpreted the results regarding the
mechanochemical synthesis mechanism. Christina Witt contributed to the inter-
pretation of the mechanochemical synthesis mechanism and to the design
of figures. Fabian Panzer, Nico Leupold and Helen Griininger wrote the manuscript,
which was proofread and edited by all authors.

Impact of Pressure and Temperature on the Compaction Dynamics and Layer
Properties of Powder-Pressed Methylammonium Lead Halide Thick Films

This work is published in ACS Applied Electronic Materials 2020 2 (8), 2619-2628.
The authors are:

Christina Witt, Andreas Schmid, Nico Leupold, Maximilian Schultz, Julian Hécker,
Andreas Baumann, Ralf Moos, and Fabian Panzer.

Fabian Panzer initiated and planned the project. The thick film pellet samples were
pressed by Andreas Schmid, Maximilian Schultz and Christina Witt from powders,
which were synthesized by Nico Leupold, Monika Daubinger and Irene Bauer. XRD mea-
surements were conducted by Julian Hocker under supervision of Andreas Baumann,
and by Nico Leupold under supervision of Ralf Moos. SEM images were recorded by
Angelika Mergner. Andreas Schmid measured the surface roughness of thick film pellet
samples. Andreas Schmid and Christina Witt determined relative densities of
thick film pellets. A small part of the measurement data shown in the paper (Figu-
re lc, S2, Slla,e) was generated by Christina Witt in the course of her master thesis.
A very small part of the pressure relaxation analyses (Figure 2b) originates from this
master thesis and was included in the paper with improved visualization and a new de-
sign. All other pressure relaxation analyses in the paper were conducted not in the
framework of the master thesis and were performed by Fabian Panzer and Christina
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Witt. Fabian Panzer and Christina Witt developed the concept of the paper
and carried out most of the data analyses and figure design (except Figure 6a:
Andreas Schmid, Figure S7: Maximilian Schultz, Figure S8, S10: Nico Leupold). Fabian
Panzer and Christina Witt discussed and interpreted the results and related
them to existing literature reports. Fabian Panzer and Christina Witt wrote
the manuscript, which was revised by all authors.

How the Microstructure of MAPDbI; Powder Impacts Pressure-Induced Com-
paction and Optoelectronic Thick-Film Properties

This work is published in The Journal of Physical Chemistry C' 2022 126 (36), 15424-
15435.
The authors are:

Christina Witt, Nico Leupold, Philipp Ramming, Konstantin Schétz, Ralf Moos, and
Fabian Panzer.

Fabian Panzer supervised the project. The thick film pellet samples were pressed
by Christina Witt from powders, which were previously manufactured by Jennifer
Jungklaus and Irene Bauer. Nico Leupold, under supervision of Ralf Moos, conducted
XRD measurements and analyzed them via Rietveld Refinement Method. Angelika Mer-
gner and Nicole Hall recorded SEM images, from which Nico Leupold evaluated particle
sizes. Nico Leupold determined relative density and surface roughness of thick film pel-
lets. Philipp Ramming measured TRPL curves and together with Konstantin Schotz
measured steady-state PL. Konstantin Schétz developed a Python program to fit the
rate equation to the TRPL curves. Nico Leupold did impedance spectroscopy measure-
ments and evaluated dark conductivities. Christina Witt carried out the analyses
of the pressure relaxations, evaluated the TRPL curves by fitting the rate
equation and analyzed the PL spectra with respect to peak positions, peak
ratio and Urbach energy. Fabian Panzer and Christina Witt developed the con-
cept of the paper and discussed and interpreted the results. Christina Witt
created the design of all figures and tables (except Figure S8). Fabian Panzer and
Christina Witt wrote the manuscript, which was revised by all authors.

Orientation and Grain Size in MAPbI3 Thin Films: Influence on Phase Tran-
sition, Disorder, and Defects

This work is published in The Journal of Physical Chemistry C' 2023 127 (22), 10563-
10573.
The authors are:

Christina Witt, Konstantin Schotz, Meike Kuhn, Nico Leupold, Simon Biberger,

Philipp Ramming, Frank-Julian Kahle, Anna Ko&hler, Ralf Moos, Eva M. Herzig, and
Fabian Panzer.
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Fabian Panzer supervised the project. Christina Witt pressed the thin film samp-
les, which were deposited by Nico Leupold and Daniel Lukas vie PAD method under
supervision of Ralf Moos by using powder prepared by Irene Bauer and Monika Daubin-
ger. Christina Witt determined surface roughness and film thickness of films.
Simon Biberger, under supervision of Fabian Panzer and Anna Kohler, recorded SEM
images, where Christina Witt analyzed corresponding grain sizes. Nico Leupold,
under supervision of Ralf Moos, conducted XRD measurements and analyzed them via
Rietveld Refinement Method. Meike Kuhn, under supervision of Eva M. Herzig, contri-
buted to the XRD analyses in terms of crystallographic orientation. Frank-Julian Kahle
recorded and evaluated XPS spectra. Konstantin Schétz and Christina Witt mea-
sured temperature- and fluence-dependent PL and absorption spectra under
supervision of Fabian Panzer and Anna Ko&hler. Philipp Ramming, under supervision
of Fabian Panzer and Anna Kohler, measured TRPL curves, assisted by Konstan-
tin Schotz and Christina Witt. Meike Kuhn took microscope images of a film during
cooling in a LINKAM stage, where temperature control was performed by Frank-
Julian Kahle and Christina Witt. All analyses in the paper (i.e., morphological
and optical analyses) were performed by Christina Witt, except for the evalua-
tion of the XRD measurements via Rietveld Refinement Method. Regarding the optical
analyses, Christina Witt was advised by Konstantin Schétz and Fabian Panzer. Fabi-
an Panzer, Konstantin Schoétz and Christina Witt developed the concept of the
paper and discussed and interpreted the results. Christina Witt created the
design of all figures and tables. Fabian Panzer, Konstantin Schotz and Christina
Witt wrote the manuscript, which was revised by all authors.

Understanding Method-Dependent Differences in Urbach Energies in Halide
Perovskites

This work exists as draft and is in preparation for submission.
The authors are:

Christina Witt, Konstantin Schétz, Anna Kohler, Fabian Panzer.

Christina Witt initiated and planned the project, and Fabian Panzer supervi-
sed the project. Temperature-dependent steady-state PL and absorption spectra of thin
films and single crystals were recorded in the course of previous works [C. Witt et al. The
Journal of Physical Chemistry C 2023 127 (22), 10563-10573; K. Schétz et al. Journal of
Materials Chemistry C 2020 8, 2289-2300; K. Schétz et al. Advanced Optical Materials
2020 8, 2000455] by Konstantin Schétz and Christina Witt. Christina Witt did all
analyses of thin film samples under supervision of Fabian Panzer and Anna Kéhler.
Konstantin Schotz did the Urbach analyses of single crystal samples under supervision of
Fabian Panzer and Anna Kohler. Konstantin Schotz and Christina Witt developed
the concept of the paper and discussed and interpreted the results by means
of literature research. Christina Witt created the design of all figures. Fabian
Panzer and Christina Witt wrote the manuscript, which was revised by all authors.
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First of Their Kind: Solar Cells with a Dry-Processed Perovskite Absorber
Layer via Powder Aerosol Deposition and Hot-Pressing

This work is published in Solar RRL 2023, 20232300261.
The authors are:

Simon Biberger*, Nico Leupold*, Christina Witt*, Christopher Greve, Paul Markus,
Philipp Ramming, Daniel Lukas, Konstantin Schétz, Frank-Julian Kahle, Chenhui Zhu,
Georg Papastavrou, Anna Kohler, Eva M. Herzig, Ralf Moos, and Fabian Panzer.

* Contributed equally

Fabian Panzer initiated and planned the project. Thin film samples were deposited by
Nico Leupold and Daniel Lukas via PAD method under supervision of Ralf Moos by
using powders prepared by Irene Bauer and Monika Daubinger. Information about PAD
processing including developments were provided by Nico Leupold. Christina Witt
established hot-pressing of thin films deposited by PAD method and perfor-
med the hot-pressing of all pressed films for the paper. Simon Biberger manu-
factured, measured and analyzed the solar cells (J-V curves, solar cell metrics including
light-intensity-dependent measurements) based on a protocol initially introduced and
tested by Philipp Ramming (device and mask layout design, processing procedures for
electrodes and transporting layers), all under supervision of Fabian Panzer and Anna
Kohler. Christina Witt determined surface roughness and film thickness of
films using a profilometer and Nico Leupold measured film thickness and surface
roughness with an LSM. Nico Leupold conducted XRD measurements, Frank-Julian
Kahle did XPS measurements and Simon Biberger and Angelika Mergner recorded SEM
images. Philipp Ramming measured TRPL curves and Simon Biberger measured absorp-
tion spectra under supervision of Fabian Panzer and Anna Koéhler. Christina Witt and
Konstantin Schotz did the Urbach energy analyses under supervision of Fabian Pan-
zer. Christopher Greve, under supervision of Eva M. Herzig, analyzed the GIWAXS data,
which he measured together with Chenhui Zhu. Paul Markus performed and interpreted
conductive AFM measurements under supervision of Georg Papastavrou. Fabian Pan-
zer, Simon Biberger, Nico Leupold and Christina Witt developed the concept of
the paper and together with Konstantin Schotz and Frank-Julian Kahle results were
discussed and related to literature reports. Fabian Panzer, Simon Biberger, Nico
Leupold, Christina Witt and regarding the GIWAXS data Christopher Greve wrote
the manuscript, which was revised by all authors.
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How Methylammonium lodide Reactant Size Affects
Morphology and Defect Properties of Mechanochemically

Synthesized MAPbI; Powder

Nico Leupold,” Philipp Ramming,”™ Irene Bauer,” Christina Witt,"” Jennifer Jungklaus,

[a]

Ralf Moos,™ Helen Griininger,”“? and Fabian Panzer*™

Here, we investigate in detail the impact of the size of the
methylammonium iodide (MAI) reactants in the mechanochem-
ical powder synthesis of the halide perovskite meth-
ylammonium lead iodide (MAPbl;). Morphology and structural
characterizations by scanning electron microscopy and X-ray
diffraction reveal that with increasing MAI reactant size, the
particle size of the perovskite powder increases, while its defect
density decreases, as suggested by nuclear quadrupole reso-
nance spectroscopy and photoluminescence investigations. The

Introduction

Halide perovskites with their ABX; composition have gained
much attention in recent years due to their excellent optoelec-
tronic properties and potential low-cost fabrication. Accord-
ingly, a variety of highly functional optoelectronic devices
based on halide perovskites, such as solar cells, light-emitting
diodes and detectors for light, X-rays and gamma radiation
have been demonstrated.™

A key aspect to achieve optimal optoelectronic properties
of the perovskite is to ensure a high film quality, which in turn
is largely determined by the film fabrication process. To
fabricate perovskite films it is possible to process readily
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reason for this behavior seems to be associated to the sensitive
influence of the MAI size on the time durations of MAPbI,
synthesis and delayed MAPbI; crushing stage during ball
milling. Thus, our results emphasize the high importance the
reactant properties have on the mechanochemical synthesis of
halide perovskites and will contribute to enhance the reprodu-
cibility and control of the fabrication of halide perovskites in
powder form.

synthesized perovskite powders, for example, by powder
pressing,” powder aerosol deposition,® or vapor deposition.”
Especially in the past few years, these powder-based methods
have emerged as a promising alternative to the solvent-based
film fabrication methods, where in the latter the reactants (e.g.
MAI and Pbl, for the synthesis of MAPbI;) are dissolved and
then solution-processed to form the final perovskite film."
However, even for classic solvent-based processing routes,
redissolving readily synthesized perovskite powders and using
these solution for further film processing was demonstrated to
exhibit advantages compared to the use of conventional
precursor solutions where the individual educts are solved.®”
For example, thin films prepared from redissolved powder
typically exhibit larger grain size, higher crystallinity, higher
phase purity, and lower defect density.® In addition, the long
shelf life”'” and increased reproducibility"” make halide
perovskites in powder form attractive for industrial processes.

The powders are usually prepared either by precipitation
reactions or by mechanochemical synthesis approaches.*®
Here, mechanochemical synthesis has emerged as an attractive
route for perovskite powder preparation in recent years, as the
stoichiometry can be adjusted very precisely, no solvent is
required, and the synthesis can easily be scaled up.'>"® Besides
these technologically relevant advantages, it also became clear
that the properties of the final mechanochemically synthesized
perovskites depend decisively on the precise synthesis con-
ditions, such as humidity,*'¥ and the feed-in ratio of
precursors."

In addition, aspects that are not relevant in solution
processing can play a crucial role in the mechanochemical
synthesis of halide perovskites. For example, the presence of a
liquid milling agent during the mechanochemical synthesis was
found to allow for the preparation of formamidinium lead
iodide (FAPbI;) in its black perovskite phase with cubic crystal

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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structure, while without milling agent, it was only possible to
obtain FAPbl; in its undesired yellow &-phase.*'® Another
aspect that is irrelevant for the solution-based preparation of
perovskite films, yet impacts the properties of mechanochemi-
cally synthesized perovskite powders is the particle size of the
organic and inorganic reactants. While they dissolve in typical
precursor solutions, for example, based on DMF or DMSO,""® the
size of the precursor crystals or particles impacts the mecha-
nochemical perovskite synthesis process. As such, the time
needed to accomplish a complete mechanochemical synthesis
of MAPbI, decreases with smaller MAI reactant size.'”” While this
finding emphasizes the importance of developing a detailed
understanding of the influence of MAI reactant size on MAPblI,
powder properties, the exact quantitative influence of MAI
reactant size on powder morphology and its optoelectronic
properties has not been elucidated yet.

In this work, we investigate in detail how the MAI reactant
size affects the morphology, as well as the optical properties of
corresponding MAPbI; powder. For this purpose, we use MAI
with three different sizes and mechanochemically synthesize
MAPbI; powder using a planetary ball mill. We characterize the
morphology of the synthesized powders by scanning electron
microscopy (SEM) and observe structural changes by X-ray
diffraction (XRD). Together with nuclear quadrupolar resonance
spectroscopy (NQR) and time-resolved photoluminescence
(TRPL) measurements, it is possible to correlate the influence of
MAI reactant size on the particle size, defect densities and thus
the optoelectronic functionality of the mechanochemically
synthesized perovskite powders.

MAI

Addition of Pbl, and ball milling for 25 min

d) )

Results

For MAI synthesis, crystalline MAI is precipitated by adding
diethyl ether to MAI dissolved in ethanol. Here, the temperature
as well as the amount and rate of dropping ether to the MAI-
ethanol solution determine the nucleation and growth of the
crystalline MAI. Adding a small amount (<1 ml) of ether and
ensuring slow crystallization by keeping the solution at —18°C
results in crystalline MAI in a rectangular shape with a size
ranging from 25 to 1300 um (mean size 213 um, hereafter
referred to as MAIl-large), as extracted from analyses of
corresponding SEM images (Figure 1c). Increasing the amount
of added ether and increasing the solution temperature to
about 0°C yields rectangular MAI with a reduced size in the
range of 5 to 44 um (mean size 16 um, hereafter referred to as
MAI-medium, see also Figure 1b). To produce MAI with smaller
particle size, MAI-medium was ground in a planetary ball mill.
From the SEM image in Figure 1a (see Figure S1 for higher
magnification), it becomes clear that a MAI powder results that
consists of agglomerates of primary particles, with a size
between 0.1 and 4.1 um (mean size of 1.1 um, hereafter referred
to as MAI-small). Thus, with the different synthesis procedures,
three MAI powders are available with average MAI sizes
covering about two orders of magnitude.

Using these three MAI powders, we prepared MAPDbI; in a
planetary ball mill. To ensure comparability of the MAPbI;
powders, the amounts of Pbl, and cyclohexane and the milling
parameters were kept the same (see experimental section and
Figure S1).

f)

Figure 1. Top row: SEM images of the MAI reactant powders with different particle sizes covering two orders of magnitude, referred to as (a) MAI-small, (b)
MAI-medium and (c) MAl-large. Bottom row: SEM images of the mechanochemically synthesized MAPbI; powders resulting from the different MAI reactants.
(d) The resulting MAPbI; powder using MAI-small, (e) resulting MAPbl; powder using MAI-medium, and (f) resulting MAPbI; powder using MAl-large.
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First, we examined the influence of the three different MAI
sizes on the morphology of the resulting MAPbI; powders by
SEM (Figure 1d-f). All three MAPbI; powders are composed of
agglomerates, which in turn are composed of primary particles.
The average agglomerate size is in the range of 20-30 um and
does not differ significantly between the samples (compare
Figure S2). However, it becomes clear from Figure 1d-f that the
particle size increases with increasing MAI reactant size.

For a more detailed analysis, we determined the mean
particle sizes and the corresponding particle size distribution
from the SEM images of the MAPbI; powders (Figure 2).
Specifically, the MAPDbI; particle sizes range from 0.05 to
0.75 um for MAPbI; powder synthesized from MAI-small, from
0.15 to 1.05 pm for MAI-medium, and from 0.35 to 1.55 um for
MAI-large (Figure 2a), respectively. Figure 2b shows the mean
MAPDI; particle size and their standard deviation as a measure
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Figure 2. (a) Particle size distribution of the resulting MAPbl; powders using
small, medium, and large MAI as reactant. (b) Mean particle size of the
resulting MAPDI; as a function of the MAI reactant size. The bars indicate the
standard deviation as a measure for the dispersion of the particle sizes.
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for the dispersion of the particle sizes resulting from the SEM
analyses as a function of MAI reactant size. Here, the mean
particle size increases from (0.31£+0.13) um using MAI-small to
(0.44+£0.17) um using MAI-medium to (0.68+0.24) um using
MAI-large. Accordingly, the observation of an increase in
MAPbDI, particle size with increasing MAI reactant size from the
SEM images is also confirmed quantitatively.

To verify that the mechanochemical MAPbI; synthesis is
complete for all three different MAI samples, XRD measure-
ments were conducted. The corresponding diffractograms in
Figure 3a show the typical reflections of tetragonal MAPbI; for
all powders (see Figure S3 for indexed diffractograms)."® Also,
no reflections that are associated with crystalline Pbl, reactant
(e.g., at 20 =12.6°) are found in the diffractograms,’® suggest-
ing complete synthesis of all three MAPDbI; powders despite the
different MAI sizes and morphologies. This is further supported
by *’Pb NMR measurements of the three MAPbI; powders
(Figure S4), where alone the signal for MAPbI, at a chemical
shift of about 1430 ppm and no signals corresponding to Pbl,
phase at a chemical shift between 0 and —30 ppm were
detected.”® Furthermore, the NMR intensities of all samples
normalized to the largest integrated intensity under consid-
eration of the sample mass are about unity, which strongly
suggests the absence of impurity phases.

By considering the width of the reflections in the XRD
patterns (Figure 3a), it is possible to gain insights about the
influence of MAI reactant size on the MAPDbI, crystallite size and
microstrain. To this end, we fitted Pseudo-Voigt functions to the
(220)-reflections at 2@ =28.5° and extracted the corresponding
full-width at half maximum (FWHM) for the MAPbI; powders
produced from different MAI sizes. From this analysis, it
becomes clear that the FWHM of the (220)-reflections decreases
with increasing MAI reactant size from 0.053° using MAl-small,
to 0.051° using MAI-medium, to 0.045° using MAl-large (Fig-
ure 3b). A decrease in FWHM typically results from a decrease in
microstrain and/or an increase in crystallite size.”" Both are
strongly related to defects like grain boundaries, crystal
twinning, the particle surface, orientation misfits, dislocations,
and point defects, as defects may disturb the coherently
scattering domains (crystallite size) and induce local variations
in the lattice spacing (microstrain).?"??! As the extracted
FWHM of the powders is close to the instrumental resolution of
(0.0423£0.0003)°, we did not extract the microstrain and
crystallite size quantitatively, for example, by applying William-
son-Hall analysis, but focus on the FWHM. The decreasing
FWHM with increasing MAI reactant size indicates that the
resulting MAPDbI; powders exhibit less microstrain and/or larger
crystallites and thus a more uniform crystal lattice that is less
disturbed by defects.

To confirm this correlation, we performed nuclear
quadrupole resonance (NQR) measurements on the three
MAPDbI; powders (Figure 3c). The spectra show two peaks for
the 3/2—5/2 spin transition for each MAPbI; powder as there
are two different positions for the iodide (unequal axial and
equatorial | ions) in the tetragonal crystal lattice.*” Here, the
FWHM of the peak at 164.1 MHz in the spectrum shows a
decrease from 56.3 kHz (small) to 54.3 kHz (medium) and
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Figure 3. (a) XRD patterns of MAPbI; powders synthesized with different MAI sizes. (b) FWHM of the (220) reflection from XRD measurement as a function of
the MAI reactant size. (c) "I NQR measurement of MAPbI, powders synthesized with different MAI sizes. (d) FWHM of the Peak at 164.1 MHz and (e) sum of
the integrated intensity of both Peaks from the '”’I NQR measurements as a function of the MAI size. The sum of the integrated intensity was divided by the
sample mass to correct for small differences in the sample mass and normalized to the integrated intensity of the MAPbI; powder from MAIl-large.

36.1 kHz (large) for increasing MAI reactant size (Figure 3d),
while the integrated peak intensity under consideration of the
respective sample mass increases (Figure 3e). Analogously, also
the FWHM of the peak at 166.9 Hz decreases with increasing
MAI reactant size (Figure S5).

In general, '”’I NQR measurements are sensitive to the local
structural environments of the iodide in the halide perovskite
crystal lattice and are influenced by the chemical composition
and by, for example, microstrain and resulting distortions.*
Consequently, if the ions surrounding the iodide are arranged
uniformly (i.e,, ordered) in the sample, narrow peaks result.”® In
contrast, defects change the associated iodide environments
and induce distortions in the next-neighbor coordination shells,
which in the case of MAPbI; was found to lead to peak
broadening and to a reduction of the integrated signal
intensity.””” Thus, the decrease in FWHM and simultaneous
increase in intensity observed in Figure 3 indicates that the
iodide environment in the MAPbI; powder is less disturbed by
defects with increasing MAI reactant size. From the decrease in
FWHM of the reflections in XRD and peaks in NQR and from the
increase in NQR intensity with increasing MAI reactant size, we
conclude that the defect density in the synthesized MAPbI;
powder decreases with increasing MAI reactant size.
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To investigate how the observed differences in defect
density in the MAPDbI; powders affect their optical and excited
state properties, we performed time-resolved photolumines-
cence (TRPL). Figure 4a shows the spectra of the time-
integrated PL decay curves of the three perovskite powders. All
spectra exhibit the typical PL peak for MAPbI; with a maximum
at about 770 nm (Figure 4a and Figure $6).”% In contrast, the PL
intensities of the different MAPbI; powders deviate from each
other, with MAPbI; made from MAI-large showing the lowest,
from MAI-small showing a medium, and from MAI-medium
showing the highest intensity (Figure 4a).

The normalized PL decay curves of the three MAPDI;
powders exhibit a similar behavior, i.e., dropping to about 1073
of their original PL intensity after a time t of 400 ns after the
laser excitation (Figure 4b). In halide perovskites, the PL decay
can be described with the rate Equation (1):?*

dn
7E:k1n+k2n2+k3n3 1M
In this equation, n is the charge carrier density, t denotes
the time, k; is the rate constant for the nonradiative mono-
molecular recombination, k, the rate constant for radiative
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Figure 4. (a) PL spectra of the MAPbI; powders synthesized with different
MAI reactant sizes. (b) Normalized time-resolved PL (TRPL) measurements of
MAPDI; powders synthesized with different MAI reactant sizes together with
exponential tail fits (black lines) as described in the text. (c) Rate constants k,
extracted from the TRPL analyses as a function of MAI reactant size.

band-to-band recombination, and k; the rate constant for Auger
recombination. At longer times, when the charge carrier density
is low, the measured PL decay is thus dominated by the
monomolecular recombination of the photoinduced charge
carriers.®” In particular, this nonradiative recombination channel
has been associated with the recombination of charge carriers
at defects (Shockley-Read-Hall recombination).®" Hence, quanti-
fication of the monomolecular recombination rate k, allows to
draw conclusions about the defect density within the perov-
skite. Using the relationship® (Eq. (2))
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PL(t) ~ exp(-2 x k; x t) )

and considering the dark counts of the detector as a baseline,
we quantify k;, by fitting a monoexponential function to the
measured PL decay curves for times longer than 275 ns (see
solid lines in Figure 4b). From this analysis, we find the
recombination rate k; of the MAPbI; powders to decrease from
6.0x10°s™" (MAl-small) to 5.1x10°s™" (MAl-medium) to 4.6
10%s™! (MAI-large) with increasing MAI reactant size (Figure 4c).
The decreasing monomolecular recombination rate with in-
creasing MAI reactant size (or particle size of the final MAPbI,
powder respectively), again indicates a decreasing defect
density in the larger sized perovskite powder, in agreement
with the results from the XRD and NQR analyses.

In general, under constant measurement conditions, a
reduction in defect density and thus k, in halide perovskites
leads to an increase in their measured PL intensity as the PL
quantum yield @ is proportional to®**?*¥ (Eq. (3))

k,n
® T ontkom ®
This is consistent with the PL intensity of the MAPDI;,
powder made from MAI-small being lower than the intensity of
the powder made from MAI-medium (Figure 4a). However, the
fact that the perovskite powder made from MAIl-large exhibits
the lowest PL intensity even though this sample has the lowest
k, value appears surprising. While a detailed investigation of the
origin of this behavior is beyond the scope of this work, we
speculate that due to the larger average particle size in the
perovskite powder made from MAl-large (compared to the
other two powders) a more pronounced charge carrier diffusion
after photoexcitation is present. This is consistent with the
initial PL decay of the powder large being faster than for the
other two powders as is noticeable in Figure 4b. A more
pronounced diffusion leads to an overall lower charge carrier
density during recombination, which according to equation (3)
results in a lower PL intensity. A similar effect was observed for
thin films, where the PL intensity of large grains was
significantly reduced compared to small grains of the same
film B4

Discussion

In the following, we first summarize the findings about the
mechanism and possible pathways of mechanochemical syn-
thesis of halide perovskites that have been published in the
past, before discussing our results in the context of the
literature findings.

Manukyan et al. studied the mechanochemical synthesis of
MAI and Pbl, to MAPbl; and concluded that during the
mechanochemical synthesis the MAI plastically deforms, creat-
ing cracks and pores in the MAI particles. Pbl,, on the other
hand, is brittle, so it is mainly crushed during synthesis.” In
addition, the Pbl, is forced into the MAI during synthesis, so
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that both MAI and Pbl, are in close contact, which enables the
interdiffusion of MAI and Pbl,. Here, an increased surface area
of the Pbl, reactant (given for lower Pbl, reactant sizes)
enhances and accelerates the interdiffusion. The introduced
mechanical energy is also expected to create point defects and
dislocations in the reactants.’*** The presence of such defects
facilitates the interdiffusion of MAI and Pbl,.*%*” As the Gibbs
free energy to form MAPbI; from MAI and Pbl, is negative at
room temperature, a facilitated reactant interdiffusion also
fosters the subsequent perovskite reaction.®® This is consistent
with the Study of Gil-Gonzéles et al. on the mechanochemical
synthesis of MAPbCl;, where the authors find a steep increase
in the fraction of formed perovskite at the beginning of the
synthesis. This slows down at a later stage of the mechano-
chemical synthesis process, as the diffusion paths become
longer and the probability of unreacted Pbl, encountering MAI
decreases.®

The sequence of the mechanochemical synthesis was also
studied in detail by Palazon et al. using CsPbBr;. Here, three
distinct synthesis stages could be identified.”? In the first stage,
which extended over the first 5 minutes, the reactants CsBr and
PbBr, form CsPbBr;, as well as non-stoichiometric intermediate
phases. These intermediate phases and remaining reactants
completely convert into CsPbBr; in the second stage. After the
complete conversion to perovskite, the CsPbBr; powder gets
crushed in a third stage, which is accompanied by a decrease in
crystallite size. This also leads to a general trend of decreasing
PL intensity with longer milling times, although the trend is
interrupted at some milling times where the PL intensity is
larger for the longer milling time than at the time before,
indicating a more complex relationship between the PL
intensity and the milling time. In a previous work, we also
observed a decrease in particle size with increasing milling time
after complete mechanochemical synthesis of MAPbI,."” Over-
all, it thus becomes clear that in the mechanochemical synthesis
of halide perovskites via ball milling, an initial synthesis stage,
in which the perovskite forms, is followed by a stage of crushing
the perovskite powder.

The insights from literature can be transferred to our results
to understand the influence of MAI reactant size on the
properties of the synthesized MAPbI; powders. The larger the
MAI reactant powder, the more energy is required for plastic
deformation and the introduction of defects during the syn-
thesis stage. Also, more energy is required to crush the MAI,
increasing the general diffusion lengths for perovskite forma-
tion. As a consequence, the initial perovskite synthesis stage is
longer for increasing MAI reactant size. During the synthesis,
from a certain point onwards, the crushing stage of the
synthesized MAPDI; starts, during which the perovskite particle
and crystallite size decreases."”?? For a constant overall milling
time (as it is the case in the present study), a reduction of the
duration of the initial perovskite synthesis stage for smaller MAI
reactant size goes along with an extension of the crushing
stage duration. Prolonged dwelling in the crushing stage results
in final perovskite powders that exhibit a reduced particle size
(Figure 2b), increased defect density (Figure 3d), and an
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increased non-radiative decay rate of excited states (Figure 4c),
fully in line with our experimental results.

Conclusion

By detailed characterization of MAPbI; powders, mechano-
chemically synthesized from MAI of different sizes, we identified
a clear influence of the MAI reactant size on the final MAPbI,
powder properties. In particular, with increasing MAI reactant
size, we observed an increase in particle size in the perovskite
powder as deduced from SEM images. The increase in particle
size is accompanied by a decrease in defect density in the
MAPDI; powder, which was inferred from NQR and TRPL
analyses.

Our results thus emphasize the importance for precise
control of the organohalide reactant size to ensure a reprodu-
cible, well-defined perovskite powder morphology and opto-
electronic functionality. The precise properties of perovskite
powders are known to directly impact the properties of films
that are made from these powders, for example, via pressing,
powder aerosol deposition, or suspension deposition.” Con-
sequently, our results will contribute to advance the develop-
ment of efficient perovskite powder-based optoelectronic
devices in the future.

Experimental Section

MAI synthesis: 20 mL of methylamine (160 mmol, 33 wt% in
ethanol, Sigma Aldrich) were dissolved in 170 mL of ethanol under
argon atmosphere. Then, 22.18 mL (168 mmol) of HI (57 wt% in
H,O, Alfa Aesar) were added dropwise under constant stirring
within 30 min, while the solution was cooled with an ice bath. After
stirring the solution overnight, the solvent was removed by a rotary
evaporator and the powder was washed with a diethyl ether-
ethanol mixture. In the final step, the powder was again dissolved
in 50 ml ethanol and 250 ml diethyl ether were dropped into the
concentrated solution of MAI at room temperature to crystallize the
final white MAI powder. In this step, the rate of ether addition
determines the crystallization rate and thus the MAI size. The ether
was added within 1 to 2 min, after which the MAI was separated by
filtration and washed with diethyl ether. The process of redissolu-
tion and crystallization was repeated before the MAI powder was
dried. The resulting powder was called MAI-medium.

To prepare MAl-large, 5g MAI-medium were dissolved in 25 ml
ethanol and a few drops (< 1 ml) of diethyl ether were added. Slow
crystallization was first carried out in a refrigerator at 7°C for 5 h
and then in a freezer at —18°C overnight. Finally, the powder was
filtered and dried. To obtain MAI-small, 5.5 g of MAI-medium were
milled in the planetary ball mill using the same procedure as for
the mechanochemical synthesis.

Mechanochemical synthesis: For the mechanochemical synthesis
of MAPbI, 1.55 g of the respective MAI reactant powders and 4.5 g
of Pbl, (99.99%, TCl) were added to 80 ml ZrO, milling jars together
with 5 mL cyclohexane and 25 ZrO, milling balls with a diameter of
10 mm. During weighing-in, the relative humidity was about 45%
at a temperature of 21 to 25°C. A Fritsch “Pulverisette 5/4”
planetary ball mill with 400 rpm was used for synthesis. After 5 min
of milling, a pause of 20 min was implemented to prevent excessive
heating of the milling jar. The process was repeated until a total
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milling time of 25 min was achieved. Afterwards, the cyclohexane
was evaporated in air and the obtained black MAPbI; powder was
sieved using a mesh size of 63 um.

Sample Characterization: For morphology studies, SEM images of
the perovskite and MAI powders were taken with a Zeiss Leo 1530
scanning electron microscope (FE-SEM with Schottky-field-emission
cathode, SE2 detector and In-lens detector) using an accelerating
voltage of 3.0 kV. The powders were fixed on a sample holder with
conductive graphite pads (Plano) and sputtered with a 1.5 nm thin
platinum layer. To calculate the area of the MAI particles, their
lengths and widths were determined manually using the SEM
images. The MAI size was then recalculated as the equivalent edge
length of a square with the same area. For MAI-small 53 particles,
for MAI-medium 54 particles, and for MAIl-large 39 particles were
used to calculate the average size. The particle size of the MAPbI;
powders was determined from SEM images. Here, the particle
boundaries were manually retraced before the area of each particle
was calculated using imagel. The particle size was then calculated
from the area of the particles as the equivalent diameter of a circle
with the same area. The average particle size and the standard
deviation as a parameter for dispersion were obtained using 110
particles for the MAPbI; powder made from MAI-small, 185 for the
MAPbI; powder made from MAI-medium, and 58 for the MAPbI;
powder made from MAI-large.

XRD patterns were acquired under ambient conditions by reflection
mode XRD using a Bruker “D8 Discover A25" with Cu-K, radiation
(A,=0.15406 nm) and Ge-K,, monochromator. The X-ray source was
operated with 40 kV and 40 mA. Diffractograms were recorded with
a 20 step size of 0.008° in the 20 range from 10° to 45°. To
determine the instrumental resolution and the measurement error,
a standard alumina sample (SRM 1976¢, provided by Bruker) was
measured 6 times and the FWHM was determined by fitting a
Pseudo-Voigt function to the (104)-reflex.

7] NQR spectra (3/2—5/2) were recorded on a 300 MHz Varian
V NMRS system with a Varian 3.2 mm T3 HXY probe head placed far
away from the magnet. The NQR frequencies were 164.1 and
166.9 MHz (3/2—5/2) at room temperature. As the T, relaxation was
extremely short (~30 us) a fast recycle delay was used (0.1 s) with
8192 scans using a Hahn-echo experiment with as short delays as
possible. ’Pb MAS NMR spectra were recorded on Varian V NMRS
systems operating at a magnetic field strength of 14.1 T using a
Varian 3.2 mm T3 HXY probe head at room temperature. The *’Pb
MAS NMR spectra were recorded at 5 kHz spinning speed with a
recycle delay of 0.5 s. The chemical shift was referenced using lead
nitrate for *’Pb (—3494 ppm) as secondary reference.

Time-resolved PL measurements of the perovskite powders were
recorded using time-correlated single-photon counting (TCSPC) on
a PicoQuant MT200 confocal fluorescence microscope. Excitation
was performed using a 560 nm diode laser (PicoQuant LDH-D-TA-
560) at a frequency of 1.0 MHz, with a pulse width of 68 ps, and a
fluence of about 100 nJ/cm” The laser light was focused on the
powder sample with an Olympus objective (4x magnification,
numerical aperture of 0.1). The emitted light was filtered with a
561 nm long pass filter and detected with a PMA Hybrid PMT 40
photomultiplier tube (PicoQuant). The Signal was processed using a
Picoquant TimeHarp 260 Pico TCPSC board. The PL spectra were
also acquired with this setup using a Shamrock SR163 spectrograph
and a Newton 970 EMCCD camera (Andor).
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Methylammonium iodide (MAI) of
different sizes is used to mechano-
chemically synthesize MAPblI;
powder by planetary ball milling.
Morphology and structural character-
ization reveal a clear trend of an in-
creasing particle size and decreasing
defect density in the perovskite
powder with increasing MAI reactant
size, which also affects the optoelec-
tronic properties.
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Figure S1: (a) Magnified SEM image of milled MAI-powder (MAI-small) (b) SEM image of the lead iodide

powder used for mechanochemical synthesis.

Figure S2: SEM images of MAPbI; powders resulting from the use of different MAI sizes as reactants in

the mechanochemical synthesis: (a) MAI-small, (b) MAI-medium, (c) MAI-large.
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Figure S3: XRD patterns of MAPbI; powders synthesized with different MAI sizes. The corresponding

lattice planes are indexed according to the tetragonal 14cm space group (PDF #01-083-7582).
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Figure S4: 27Pb MAS NMR spectra of MAPbIl; powders synthesized with small, medium, and large MAI.

The spectra were corrected for slightly different sample masses.
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Figure S6: Logarithmic representation of the normalized PL spectra of MAPbI; powders synthesized with

different MAI reactant sizes obtained by integrating the TRPL decay curves.
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ABSTRACT: While halide perovskite X-ray detectors based on single crystals sinter onse
could achieve extraordinary sensitivities, detectors based on polycrystalline thick |
films lag behind in efficiency. This is unfortunate since the processing methods for
producing polycrystalline thick films, especially by pressure treatment of powders,
are suitable for upscaling. Here, we investigate in detail the pressing of readily
prepared powders of methylammonium lead halide perovskites MAPbI; and
MAPDBr; to thick layers. By time-dependent pressure measurements, we monitor
the occurring compaction dynamics, identifying two relaxation processes with
different timescales. When pressing at elevated temperatures from room
temperature (RT) to 100 °C, the pressure relaxations change drastically. While
the layer properties such as relative density and surface roughness only improve to
a certain degree by increasing the pressure at RT, we observe relative densities
>97%, considerable reduction in surface roughness, and a significant increase in grain size with tempered pressing. Analyses
regarding time-dependent pressure relaxations of tempered pressing allow attributing the dynamics to a sintering process, where we
find the sinter onset to be surprisingly low at about 30 °C, mainly independent of the applied pressure (10—100 MPa). Our results
will allow for an improved and more targeted powder processing of halide perovskite thick films as they are promising candidates for
efficient X-ray detectors.

KEYWORDS: halide perovskites, MAPbI;, sintering, hot pressing, pellets, X-ray detectors

Pressure

1. INTRODUCTION upscaling, the established methods for perovskite thin-film
processing (solution processing or evaporation) quickly lose
their advantages and reach their limits.

Therefore, in the past, other approaches to produce
perovskite thick films have been demonstrated, which were
then used in X-ray detector devices. For example, Kim et al.
showed the fabrication of a viscous MAPDI; paste, with which
830 um thick films were produced on a 10 cm X 10 cm flat
panel detector module via doctor blade coating, thereby
achieving efficient X-ray detectors.'> Alternatively, studies have
shown the fabrication of perovskite thick films using a melting
process, where the perovskite in a powder form is heated to
melt and then cooled in a controlled manner, resulting in the
recrystallization of the perovskite into a layer.'*™'® Regarding
ternary halide perovskites, this approach is currently limited to

The remarkable rise of perovskite solar cells within the last
decade has astonished the research community with laboratory
device efliciencies now even on par with those of the
commercially established silicon-based solar cells.' Other
perovskite-based optoelectronic devices such as light detec-
tors,” lasers,™* or LEDs® also showed a fast increase in usage,
with efficiencies of perovskite LEDs now even exceeding
21%.°77 No less remarkable, however, are the developments of
perovskite-based X-ray detectors, which, in the meantime, are
close to (cadmium zinc telluridle—CdZnTe), or even surpass
(amorphous selenijum—a-Se) their commercially established
competitors in terms of sensitivity on a laboratory scale.”’
However, these outstanding sensitivities have so far only been
achieved using high-quality perovskite single crystals.'"’ Even
though studies regarding the upscaling of perovskite single
crystals to industrially relevant scales were carried out, this Received: June 10, 2020
remains a challenging and still unsolved aspect.'’ To ensure Accepted: July 6, 2020
full absorption of the impinging X-ray irradiation, perovskite Published: July 6, 2020
thicknesses in the range of up to several millimeters are

required.® However, when it comes to the processing of

perovskite thick films by methods that are suitable for

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaelm.0c00493

W ACS Publications 2619 ACS Appl. Electron. Mater. 2020, 2, 2619—2628
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Figure 1. (a) Schematic illustration of the used screw press with individual components as indicated. (b) Image of a pressed 1 cm X 1 cm MAPbI;
pellet, exhibiting a shiny surface. (c) Temporal evolution of the applied pressure, during pressing of MAPbI; powders at a target pressure of 25
MPa. The pressure was adjusted 13 times manually to keep the target pressure level during the shown time span. (d) Normalized pressure
relaxations from (c), with the peak value of the relaxation set as time zero. (e) to; 5 time as a function of consecutive pressure relaxations for target
pressure levels of 25 MPa (black squares), 50 MPa (red dots), 75 MPa (blue triangles), and 100 MPa (orange triangles) together with linear fits.

cesium lead tribromide (CsPbBr;) as it exhibits a melting
temperature slightly below its decomposition temperature.
Furthermore, halide perovskite thick films could be achieved
by compressing source powder with or without heating into a
thick film tablet using a simple press.'”~'* The dry processing
of perovskite powders into a layer is a potential cold process
that decouples material synthesis and layer formation and, in
addition, no solvent has to be used.”* Furthermore, when
pressing MAPDI; powders to thick films, Shrestha et al. also
reported signatures of a pressure-induced sintering process and
achieved X-ray sensitivities comparable to the state-of-the art
cadmium telluride (CdTe) single crystals.'” Nevertheless, all
the thick-film processing approaches described above result in
polycrystalline perovskite films with nonoptimal densification
so that there is still potential for their optimization allowing
their optoelectronic properties to come closer to their single-
crystal counterparts.

Pressure-assisted sintering processes typically occur when
pressing powders at elevated temperatures but still well below
the melting temperature of the material.”' In such a case, the
material starts to flow, which can lead to improved
densification, increase in grain size, and hence an improvement
in the optoelectronic layer properties.”” In this context, an
increase in grain size was achieved in the past by tempered
pressure treatment of solution-processed perovskite films,**~>°
sometimes accompanied by changes in the optoelectronic
material properties, for example, by a reduction of the
threshold for amplified spontaneous emission.’’ However,
until now, detailed investigations on the pressing process and
the associated compression dynamics of halide perovskites are
still missing; hence, also the influence of different pressing
parameters on the material or layer properties has not yet been
identified.

To address this, in this work, we systematically investigate
the influence of pressure, temperature, and pressing time on
the pressing process as well as on the final layer properties of
thick-film pellets made of a perovskite powder. By means of

time-resolved transient pressure measurements during the
pressing process, we investigate the different pressure
relaxation processes that occur. This allows us to understand
the different particle rearrangements and plastic deformation
dynamics of the material during pressing and relate them to the
process parameters pressure level, temperature, and pressing
time.

2. IMPACT OF PRESSURE ON COMPACTION
DYNAMICS AND THICK-FILM PROPERTIES

2.1. Results. To produce perovskite pellets investigated in
this work, we used mechanochemically synthesized perovskite
powders, described in more detail elsewhere.’” To prepare a
pellet, the powder was first weighed and placed in a metal
sleeve (base 1 cm X 1 cm) of a homemade mechanical screw
press. By turning a threaded rod via a handle, pressure was
applied to the powder (see Figure 1a). Four pressure sensors
located below the sample recorded the time-dependent
pressure. During pressing, either the metal punch was used
or two pieces of glass with a thickness of 10 mm were placed
directly above and below the powder. After the pressing
process, free-standing, compact perovskite layers were
obtained, whereby their thickness could be realized in a
range of approximately 0.3—2 mm, depending on the weighed
powder quantity. When using glass as the press die, the pellets
exhibit a shiny surface (Figure 1b). For more information on
the exact process of powder and pellet preparation, see Figure
S1 in Supporting Information.

Figure 1c shows a typical pressure profile, where a target
pressure of about 25 MPa was directly applied. After that, the
pressure decreased with time, which made it necessary to
readjust it to maintain a certain pressure level over time. The
pressure was adjusted 13 times within a pressing time of
~70 min. From Figure g, it also becomes clear that the time
lengths of the relaxations change with the number of
consecutive pressure regulations. To investigate this change
in more detail, we plot the normalized pressure relaxations on a

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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common time axis where t = 0 s corresponds to the initial peak
pressure of each pressure relaxation (Figure 1d). It becomes
clear that the pressure relaxations become longer with
increasing number of pressure adjustments. In the first analysis
step, we quantify this behavior by extracting the time fg,5,
which corresponds to the time it takes for the pressure to drop
to 97.5% of its peak value. Here, we choose this value as it still
allowed to consider the majority of measured pressure
relaxations. Figure le shows ty; 5 as a function of the number
of pressure relaxations, for different target pressure levels
between 25 and 100 MPa (see Figure S2 for further pressure
curves), together with linear fits.

We find that ty, 5 increases by about 7.2 s per consecutive
relaxation for a pressure level of 25 MPa from 2.0 s for the 1st
relaxation to 114.0 s for the 13th relaxation. Furthermore, the
increase of fy; 5 becomes steeper for higher target pressures,
with an increase in ty; 5 of ~40.5 s per consecutive relaxation at
a target pressure level of 100 MPa (also see Figure S3).
However, it also becomes clear that the linear fits in Figure le
deviate more for the evolution of ty; 5 values at higher target
pressures, which rather increase in a superlinear fashion. An
increase in pressure relaxation times with increasing number of
pressure adjustments indicates a powder compaction process,22
which seems to saturate for high pressure levels. In addition to
the deceleration of the pressure relaxations, it also can be
observed from Figure 1d that the shape of the pressure
relaxation changes with the number of pressure adjustments,
where the relaxations initially have a more curved shape,
appearing less pronounced for higher numbers of relaxations.
To characterize the changes in the qualitative shape of the
pressure relaxations, we first fitted the relaxations using single
exponential decay, where especially the pressure drop in the
early time range cannot be well reproduced (see Figure 2a and
Figure S4). In contrast, satisfying fits are achieved using
biexponential decay of the form

P(t) = B+ A/ 4 Ay (1)
where A;, A, are amplitudes and t,, t, are characteristic
pressure-decay times (Figure 2a). This indicates that two
relaxation processes take place during pressure decrease. Figure
2b shows A,/(A; + A,), that is, the proportion of A; to the
total intensity and the decay times ¢, and t, as a function of the
number of consecutive relaxations. A;/(A; + A,) decreases for
all target pressure levels with the number of relaxations, where
the values are in the range of 0.2—0.3 for the first relaxation
and, for example, for the 25 MPa measurement series, they
drop to <0.05 after the sixth relaxation. While there is no
significant influence of the absolute pressure level on the
evolution of A;/(A; + A,), it nonetheless exhibits a certain
fluctuation. This may be due to the limited degree of control
when adjusting the pressure manually. Interestingly, no shorter
pressure relaxation time can be found when the pressing
process is regulated toward lower pressures, for example, from
100 to S0 MPa, after the pressure has been kept at a constant
level for a certain time (Figure SS).

Both extracted relaxation times t; and t, increase with the
number of relaxations, with t; generally exhibiting values one
order of magnitude smaller than t, (Figure 2b mid and bottom
panel). Furthermore, the dependence of relaxation times on
the absolute pressure level can be observed. For instance, both
t; and t, at 25 MPa (black squares in Figure 2b) are generally
smaller and increase less rapidly than, for example, at 100 MPa
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Figure 2. (a) Normalized first pressure relaxation (black circles), with
a target pressure of SO MPa, together with fits using monoexponential
(green) and biexponential (orange) decay. (b) Extracted values of A,/
(A; + 4,) (top), t; (middle), and ¢, (bottom), when fitting the
pressure relaxations using biexponential decay as a function of the
number of consecutive relaxations for target pressure levels of 25 MPa
(black squares), SO MPa (red dots), 75 MPa (blue triangles), and 100
MPa (orange triangles).

(orange triangles), where at the fourth pressure relaxation, t;
and t, reach values of 3.2 and 43.1 min, respectively.

We also performed pressing of MAPbBr; powders with a
directly applied target pressure of about 25 MPa and analyzed
pressure relaxations analogous to Figures 1 and 2 for the
MAPDI, powders (Figure S6). When comparing the evolution
of ty; 5, t;, and t, as well as A,/(A; + A,) with the number of
consecutive pressure relaxations between MAPDbI; and
MAPbBr; powders, we find the same qualitative behavior.
However, tg;5, t, and t, of MAPbBr; in general exhibit values
about one order of magnitude lower than MAPbI;.

After controlling the pressure at the respective target
pressure level for a certain time, the pressure was removed
completely and instantly from the samples. The resulting
MAPDI; thick films pressed at different pressure levels were
weighed, and their thickness was quantified using a micrometer
caliper. Considering the known base area of 1 cm X 1 cm and
taking into account the density of an MAPbI; single crystal of
4.159 g/cm® finally allows calculating the relative density of
the pressed layers.

Figure 3a shows the relative density of MAPbI, thick films as
a function of the target pressure level during pressing. To
calculate the value at 0 MPa, a known amount of MAPbI,
powder was filled into the mold and the resulting filling level
H, was determined and compared with the height Hc that one
would expect in the case of a single crystal with identical
weight and base area. The relative density increases

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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indicated.

significantly with pressure from 0.4 at 0 MPa to ~0.8 at 25
MPa, reaching a value of 0.95 at 100 MPa after a total pressing
time of ~360 min. However, when stopping the pressing
process earlier, the relative densities decrease to 0.89 and 0.88
for total pressing times of 134 and 47 min, respectively (Figure
3b).

In the past, various models have been used to analyze the
measured pressure dependence on relative density for powder
pressing of pellets. Often used is the model developed by
Kawakita, where the compressibility C(P) is assumed to follow
a saturation function of the form:

P

R @

where P is the applied pressure, C,, is the maximum
compressibility, and K, is a saturation constant that expresses
the compression resistance of the material.** As the base area
of the pellets is constant, compressibility can be written as C =
1 — H/H,, with H being thickness of the pellet after pressing.
Thus, the pressure dependence on the relative density p, =
Hg/H is

HSC

/{'el = P
<1 ~ G Km+P)H° ®)

Fitting eq 3 to the data in Figure 3a yields a reasonable fit
with fit parameters C,,, = 0.61 + 0.02 and K, = 54 + 1.8
MPa. While the Kawakita model was derived empirically, the
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Heckel model follows from the assumption that compression is
a first-order kinetic process between porosity E and pressure P,

that is, % = —kE. Thus, the well-known relationship between

E and P is given as

1
In E kP + B @
with k corresponding to the relative porosity change per unit
pressure step.”* From it, Py, the so-called Heckel plasticity
parameter, follows via 1/k.>* B relates to the initial conditions
at zero pressure and is an empirical quantity. Using
E =1 — p, eq 4 can be written as

Pa=1-E=1-c (s)

The fit of eq S to the relative densities in Figure 3a agrees
well in the range > S0 MPa but deviates from the measured
data for lower pressures. We find k = (0.03 + 0.01) MPa™!
(ie, P, = 33.7 MPa) and B = 0.54 + 0.10. To be able to
describe the measured behavior of p, or E also for low
pressure values, eq 4 can be extended by a term f+/P. It takes
into account higher-order kinematic processes (the so-called
Shapiro model) so that eq 6 is given as

1nl=1ni+kp+fﬁ
E E, (6)

wherein E, = 1 — Hgc/H, is the porosity at zero pressure, and
the parameter f is referred to as the Shapiro compression

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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being absent below (blue shaded area).

parameter.”* Analogous to the Heckel model, the relationship
of p.q and P is given as

fa=1-E=1-Ee D )
Using eq 7, the experimentally determined pressure depend-
ence of the relative densities can be fitted satisfyingly in the
entire pressure range investigated here (Figure 3a), with values
of (6.53 + 0.01)10™* MPa™" and (0.21 + 0.06) MPa™®" for k
and f, respectively.

The increase in relative density with the pressing pressure is
also reflected in the morphology of the layers. Figure 3¢ shows
the surface scanning electron microscopy (SEM) image of a
pellet pressed at 25 MPa. In contrast to previous measure-
ments, a glass substrate was used as a press die (upper) with a
surface roughness of ~3 nm. To minimize the risk of glass
breakage at higher target pressures due to very high abrupt
pressure increases, the pressure was manually regulated upward
following a fixed rate of 6.67 MPa/min (also see Figure S7 for
further details).

Figure 3¢ shows that the surface of the pellets is not compact
but that there are clear gaps distributed over the surface.
Furthermore, the primary particles and aggregates of the initial
powder are clearly visible. They occasionally appear to have a
flattened character. In contrast, the surface of a layer formed at
100 MPa looks significantly more compact (Figure 3d), that is,
the proportion and size of the gaps is reduced in contrast to
that shown in Figure 3c. However, even at 100 MPa, it is not
possible to achieve a gap-free surface over a larger area.
Furthermore, the primary particles of the powder are still

90

2623

visible (Figure S8). From X-ray diffraction (XRD) patterns of
the pellets, it becomes clear that they only show the
characteristic features of MAPDI; in a tetragonal structure,
that is, the pressure processing obviously has no harmful effect
on the perovskite (Figure 3e). Furthermore, XRD measure-
ments on the same pellet repeated more than 1.5 years after its
production (stored in a nitrogen-filled glovebox) show no
change, indicating good temporal stability of the MAPbI; thick
films (Figure 3e), similar to what we could observe in the past
for halide perovskites in a powder form.*”

2.2. Discussion. The processes that generally occur when
compressing powders under pressure can be classified into
rearrangement of powder particles and their plastic as well as
elastic deformation.’”***> Here, one expects that the
rearrangement of particles is particularly relevant at low
pressures and that plastic deformation becomes more
important at higher pressures and the effect of elastic
deformation of the material finally dominates at even higher
pressures. To identify which processes are relevant during the
pressing of MAPDI; powders, one can take advantage of the
fact that the Heckel model only takes into account the plastic
deformation of the powder particles, whereas densification due
to the rearrangement of the particles are not considered.**
From the deviations of the fit from eq 5 to the data in Figure
3a, we can thus conclude that in the pressure range < 50 MPa,
the rearrangement of the powder particles dominates the
compaction process, whereas the plastic deformation process
contributes more significantly at pressures >50 MPa. This
interpretation is also supported by a good fit using the Shapiro

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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model shown in Figure 3a, which considers hi§her-order
kinetics due to powder rearrangement dynamics.”® Further-
more, it appears obvious that a high proportion of gaps, as it is
the case for the pellets pressed at low pressures (Figure 3c),
facilitates particle rearrangement dynamics. In contrast, due to
the significantly lower proportion of gaps in the layer produced
at 100 MPa, the powder particles can no longer rearrange very
easily, but they can rather reduce the applied pressure via
plastic deformation. The two identified relaxation processes
further support these findings, where we generally associate the
shorter time t;, which dominates pressure relaxation especially
directly after the pressure regulation, with the rearrangement
dynamics. Correspondingly, the decrease of A;/(A; + 4,) (4,
A, being the amplitudes of the two exponential functions given
in eq 1) with the number of pressure regulations means that
the proportion of particle rearrangement continuously reduces,
and in turn, plastic deformation dynamics, associated with t,,
become more important (illustrated in Figure 3f). This is also
consistent with the found decrease in relative density for
shorter pressure times (Figure 3b) and the absence of t, when
decreasing the overall pressure level so that the relaxation
processes are fully due to plastic deformation dynamics of the
powder particles (Figure SS).

The fact that we observed the same relaxation behaviors also
in the case of MAPDbBr; suggests that the identified pressing
dynamics are general to halide perovskites. We speculate that
the differences in the relaxation time values between MAPbI;
and MAPbBr; might stem from differences in the powder
properties, such as shape and size of the agglomerates,
aggregates, and/or primary particles, as well as from possible
differences in the initial powder distribution within the press
die.

To the best of our knowledge, only Shrestha et al. have so far
reported the relative density of halide perovskite pellets to be
~0.9, when pressing MAPbI; powders at 300 MPa for $ min."”
Their data fits well with the value we obtained at 100 MPa for
a pressing time of 134 min (Figure 3b).

Regarding the influence of pressing time on the final
densification of perovskites, Nejand et al. observed a qualitative
decrease of the layer thickness (i.e., an increase of density)
with increasing pressing time when hot pressing MAPbI; thin
films produced by spray coating.’® This fits well with the
relationship between relative density and pressing time we
observed in Figure 3b and further emphasizes the importance
of pressing time regarding the achievable relative densities and
final layer properties of powder-pressed perovskites.

3. IMPACT OF TEMPERATURE ON COMPACTION
DYNAMICS AND THICK-FILM PROPERTIES

3.1. Results. To be able to heat the sample during pressing,
a heating mat is installed surrounding the press mold (see
Figure S1). Initially, pressure is applied to the perovskite
powder using the same 6.67 MPa/min increase as used above
until a certain target pressure (e.g,, 100 MPa) is reached. Upon
reaching the target pressure for the first time, the heating
element is switched on causing the mold and thus the powder
to heat up continuously at a rate of ~8.5 °C/min. After
reaching the set temperature, the setup is kept at the set
temperature for 25 min. During this period, the pressure is
manually adjusted to maintain the targeted pressure level
(Figure 4a). Afterward, the heating mat is switched off,
allowing the mold to cool down so that after removing the

2624

remaining pressure, the perovskite layer can be taken out of the
press.

Analogous to the first analysis approach of the pressure
relaxations during pressing at RT (Figure 1d), Figure 4b shows
the normalized pressure curves starting from relaxation 16, that
is, from the first readjustment after reaching a target pressure
of 100 MPa. It becomes clear that the pressure relaxations
accelerate until relaxation 19 (Figure 4b top panel), while from
there onwards, they decelerate (Figure 4b bottom panel).

Within the time range from relaxation 16 to relaxation 19,
the sample temperature increases continuously from RT to
~50 °C. Due to the changing influence of temperature over
time, the shape of the pressure relaxations also changes, even
leading sometimes to concavely curved pressure relaxations
(Figure S9). Therefore, an analysis like the one shown in
Figure 2, that is, applying exponential decays on the data
shown in Figure 4b is not easily possible. To still be able to
quantify the changes in the relaxations that occur in the course
of the temperature increase, we analyze, analogous to the
approach shown in Figure le, the time ty;5, after which the
pressure has dropped to 97.5% of its maximum value. Figure 4c
shows ty; 5 as a function of the number of relaxations at RT and
when the sample was heated to 50, 75, and 100 °C,
respectively, in each case for a target pressure of 100 MPa.
Also shown (bottom panel of Figure 4c) are the temperatures
at the end of each relaxation. During the phase of pressure
increase, that is, within the first 16 relaxations, ty; ¢ increases
similarly for all measurement series reaching a value of ~30 s.
In the RT measurement series, ty;s further increases
exponentially also for relaxations >16, up to a value of 204 s
at relaxation 20. In contrast, the ty; 5 time starts to decrease to
~10 s at relaxations 18—19, for all measurement series at
elevated temperatures, independently of the target temper-
ature. This is not surprising considering the very similar
temperature increase within the first 20 relaxations for all
tempered processes (Figure 4c bottom panel). Depending on
the target temperature, f,, s remains at values in the range of 10
s for several consecutive pressure regulations before rising
significantly again for further pressure regulations (Figure 4c
top panel). This behavior is particularly pronounced for a
target temperature of 100 °C, where a significant increase of
ty;5 is only observed after relaxation 27.

We performed further hot pressings with different target
pressure levels to identify the influence of pressure on the
threshold temperature Tg;,, at which the pressure relaxations
start to show accelerated decay. For each of these pressings,
the heating mat was switched on directly after reaching the
target pressure for the first time and Tg, was determined by
either considering the temperature in the moment the pressure
relaxation exhibited a kink or considering the temperature at
the beginning of the first pressure relaxation that shows
accelerated decay (see Figure S9 for details). Figure 4d shows
the resulting values of T, as a function of target pressure,
where we find an increase from 30 °C at 10 MPa to 33 °C at
20 MPa followed by a continuous decrease of Tg, for
increasing pressure values up to <30 °C at 100 MPa.

After having analyzed the influence of temperature on the
pressing process, we next investigate the influence of
temperature on the final layer properties. Figure 5 shows the
top view and the cross-sectional SEM images of the final
MAPbI; thick films, pressed with 100 MPa at RT and at
100 °C.

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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Figure 5. Top view (top) and cross-sectional (bottom) SEM images
of powder-pressed MAPbI; pellets with a target pressure of 100 MPa
(a) at RT and (b) at 100 °C. The scale bar for all images is 2 ym.

It becomes clear that the layer pressed at RT exhibits a mean
grain size in the range of 0.6 ym and, as already observed in
Figure 3¢, the primary particles of the source powder (Figure
S8) can be recognized. This also applies in a similar way to the
morphology in the bulk, as can be seen from the cross-
sectional SEM images shown in Figure Sa. In contrast, the
grain sizes of the thick film pressed at 100 MPa and 100 °C are
significantly larger, both at the surface and in the bulk with an
average grain size of 1.9 ym (Figure Sb). It is also noticeable
that no primary particles can be observed anymore, and the
grain boundaries appear more distinct. However, a pellet
pressed at 10 MPa and 100 °C shows a noncompact surface,
similar to the morphology shown in Figure 3c (Figure S10).
The more compact appearance of the layers pressed at 100
MPa and higher temperatures is also reflected in the surface
roughness that decreases from 70 nm at RT to 24 nm at
100 °C (Figure 6a top), and in an increase in relative density,
where we could achieve a relative density of >0.97 for 100 °C
and 100 MPa target pressure (Figure 6a bottom).

We note that compared to the corresponding value shown in
Figure 3c, the lower relative density of 0.86 at RT shown in
Figure 6a is caused by the use of the glass die, where, due to its
specifications, a gap of ~200—300 gm between the glass and
the surrounding mold was present. Powder particles can flow
into these gaps, leading to a decreased height of the main pellet
and affecting the relaxation dynamics (see Figure S11 for more
details on the differences between metal and glass die
pressing). In addition, the flow of powder particles into the
gaps between the glass and the mold in many cases led to a
noticeable ridge formation, which made it more difficult to
obtain a complete layer. This effect occurs mainly when
pressing at higher temperatures, so in corresponding cases, the
layer characterizations were performed on the largest and most
trustworthy fragments (see Figure S11 for further details).

The thick films produced at different temperatures were also
characterized by XRD. Figure 6b shows the two Bragg reflexes
at 14.0°, associated to the (002) plane, and 14.1°, associated to
the (110) plane, normalized to the intensity of the (002) reflex
for different temperatures during pressing. A clear reduction of
the (110)/(002) intensity ratio from 1.35 at RT to 0.25 at 100
°C can be seen (Figure 6b bottom).

3.2. Discussion. Based on the discussion of relaxation
dynamics at RT in Section 2.2, we have associated shorter and
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Figure 6. (a) Temperature dependence of the surface roughness R,
(top) and the relative density of the pellets (bottom). (b) XRD
pattern of MAPDI; pellets pressed at 100 MPa with different
temperatures between 23 and 100 °C as indicated, normalized to the
(002) reflex (top) and the corresponding temperature dependence of
the (110)/(002) intensity ratio (bottom).

longer relaxation times with the occurrence of particle
rearrangement and plastic deformation dynamics, respectively.
Correspondingly, we are associating the accelerated pressure
relaxation upon temperature increase shown in Figure 4 to a
more pronounced particle rearrangement dynamics, where the
higher temperature makes it easier for the powder particles to
reduce the applied pressure by filling the remaining pores, so
that we assume the occurrence of a sintering process. This is
clearly supported by the grain growth and disappearance of the
primary particle structures and clearer grain boundaries as
observed in Figure S, which are typical for a sintering
process.”"*’

The effect of grain coalescence and coarsening and the
associated disappearance of primary particle structures was also
observed by Xiao et al. and Mayer et al, when hot pressing
solution-processed MAPDI; thin films for 5 min at 0.5 MPa
and 100 °C,”* and 10 MPa and 100 °C and 150 °C.*’

The average grain size of our thick films of 1.9 um, pressed
at 100 MPa at 100 °C (see Figure S10), is higher than the
grain sizes reported by Mayer et al. for a thin film pressed at 10
MPa and 150 °C.** Furthermore, Hu et al. were able to
produce MAPDI; thick films with grain sizes over 1.9 ym when
hot pressing mixed methylammonium iodide (MAI) and lead
iodide (Pbl,) powders at 10 MPa and 150 °C.*® These thick
films still exhibited clearly visible holes at the grain boundaries
and in the grains, which is in good agreement with the porous
morphology of our layer pressed at 10 MPa and 100 °C. This
underlines the need for a minimum pressure (>10 MPa) to
achieve high compaction of perovskite thick films made from
powders, which obviously cannot be compensated by
increasing the temperature.

https://dx.doi.org/10.1021/acsaelm.0c00493
ACS Appl. Electron. Mater. 2020, 2, 2619-2628
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With increasing pressing temperature, we could observe a
reduction of surface roughness from 70 nm at RT to 24 nm at
100 °C when using a glass die and pressing with 100 MPa
(Figure 6a). The value at RT agrees well with the root-mean-
square surface roughness of about 75 nm documented by
Shrestha et al., which was measured for thick films pressed
from MAPbI; powders at 300 MPa for 5 min using polished
stainless steel punches.'” The reduction of surface roughness
with temperature as shown in Figure 6 is in line with the
results of Pourdavoud et al, who found a root-mean-square
surface roughness of 0.6 nm, only limited by the roughness of
the punch, when pressing perovskite thin films with a pressure
of 10 MPa for 30 min at 150 °C using a silicon punch.”®

Due to the grain growth, the reduction of pinholes, and the
decrease in surface roughness, occurring during hot pressing,
we were able to achieve high powder compaction when
pressing at 100 MPa and 100 °C. This also resulted in the
formation of clear grain boundaries with good grain boundary
interconnection (Figure S). High-quality grain boundaries
were also observed by Mayer et al. when hot pressing thin films
at 10 MPa and at a temperature of 150 °C,>* and Hu et al. also
obtained clear grain boundaries when pressing powder thick
films at 10 MPa and 150 °C.*® In contrast, a lower grain
boundary quality was observed when perovskite thin films were
pressed at 100 °C and 0.5 MPa or 10 MPa.”*** Thus, it can be
concluded that a sufficiently high combination of pressure and
temperature is required to achieve high densification and
improved crystallinity with good grain—boundary interconnec-
tion.

Our results shown in Figure 4d imply that the start of
sintering (sinter onset) already occurs at about 30 °C.
Together with the accelerating effect of temperature on the
pressing time (Figure 3b) and by choosing a suitable
combination of pressure, temperature, and pressing time, our
results demonstrate the potential to produce highly densified
powder-based perovskite layers efficiently under technologi-
cally easily accessible conditions. The low value of the sintering
temperature at 10 MPa shown in Figure 4d can be explained
by the very low compression of the powder particles (Figure
$10), which makes it easier for the powder particles to flow
into gaps. At 25 MPa, the powder is considerably better
compacted, which makes it more difficult for the powder
particles to flow into gaps and the sintering process therefore
only starts at about 33 °C.

In passing, we note that we did not observe any changes of
the pressure relaxation dynamics in the range of about 60 °C.
In this temperature range, it is known that MAPbI; undergoes
a phase transition from tetragonal to a cubic crystal structure,*
which seems not to have any influence on the particle
rearrangement and plastic deformation dynamics.

From the XRD patterns of our hot-pressed MAPDI; thick
films, the temperature dependence of the intensity ratio of the
peaks associated with perpendicular crystal planes could be
observed (see Figure 6b). This clearly indicates that the
sintering process induces a preferential orientation in the thick
films and thus recrystallization occurs.*

4. CONCLUSIONS

In summary, we investigated in detail the process of pressing
perovskite powders to thick films. By time-resolved pressure
monitoring during pressing at RT, we could identify two
pressure relaxation processes due to plastic deformation and
particle rearrangement, the latter becoming especially
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important for pressing at pressures below 50 MPa. We find
these compaction dynamics to occur for MAPDI; and
MAPDBr;, suggesting their general nature. In addition to the
high temporal stability of the MAPbI, pellets (>1.5 years), we
could for the first time systematically quantify the impact of
pressure, temperature, and pressing time on the relative density
of the pressed pellets. We found an increasing relative density
with pressing time, which can be significantly accelerated when
the pressing happens at elevated temperatures. Using a suitable
combination of pressure and temperature of 100 MPa and 100
°C, pellets with a relative density of >97% could be obtained.
Furthermore, from time-resolved transient pressure monitoring
during pressing at elevated temperatures, we demonstrate that
the onset for temperature-induced accelerated particle
rearrangement, that is, the sinter process, already starts at
temperatures as low as about 30 °C. When pressing at higher
temperatures, we observed a decrease of surface roughness and
a significant increase of grain size at the pellet surface and also
throughout the entire layer thickness, leading to R, = 24 nm
and an average grain size of 1.9 um for pressing at 100 MPa
and 100 °C. Furthermore, XRD analysis suggests a temper-
ature-induced orientation of the MAPbI; crystal lattice. These
improved layer properties have the potential to not only
facilitate charge extraction due to the compact and smooth
surface morphology but also can lead to improved charge
transport properties throughout the bulk. This is an important
aspect to further push the X-ray sensitivity of polycrystalline
perovskite thick films in a detector configuration towards the
sensitivities of single-crystal-based X-ray detectors.

5. EXPERIMENTAL SECTION

5.1. Powder Preparation. For ball milling, MAI and Pbl, for the
synthesis of MAPbI; or MABr and PbBr, for the synthesis of
MAPDBr; were weighed to the desired stoichiometry and transferred
into an 80 mL ZrO, milling jar containing ZrO, milling balls with a 10
mm diameter (a ball-to-powder ratio of 10:1). Then, 11 mL of
cyclohexane was added as the milling agent. The powders were milled
in a Fritsch “Pulverisette 5/4” planetary ball mill at 400 rpm for S min
and then the milling was paused for 20 min to cool down the jar. The
procedure was repeated until the desired milling time was reached.

5.2. Pellet Characterizations. The structural characterization of
the perovskite pellets pressed at different temperatures was carried out
by reflection mode XRD using a Bruker “D8 Discover A25” with Cu
K, radiation (4 = 0.15406 nm), whereby the K,y -rays were removed
by a Ge-K,-monochromator. The device was operated at 40 kV and
40 mA. The diffractograms were recorded in a 26 range from 10 to
45° with a 26 step size of 0.016°. Long-term XRD stability tests of the
MAPbDI; pellet were carried out using an X-ray diffraction system
General Electric XRD 3003 TT using a Cu(Copper)-K,, radiation
source with a wavelength A of 1.5406 A (V = 40 kV, I = 40 mA). The
measurements were made under ambient conditions. The surface
roughness of the pellets was determined using a profilometer (Dektak
150, Veeco). The powder and pellet morphology was characterized by
SEM using a Zeiss Leo 1530 instrument with an accelerating voltage
of 3.0 kV.
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The Supporting Information is available free of charge at
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Details of the press setup, additional P—t data for
pressing at RT, evaluation of exponential fits to pressure
relaxations, SEM images of pellets pressed at different
compression rates, SEM images of the source powder,
details of the determination of the sinter onset
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temperature, grain size distribution for pellets pressed at
different temperatures, details of differences in the
pressing process when using glass dies or metal punches
(PDF)
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Figure S1: Details on the powder based processing of 1 cm? perovskite pellets: (a)
Pressing tool consisting of (1) two angled moulds (inner length 1 cm), (2) a press mould,
(3) a metal block for pressing with two glass dies using two Teflon plates to compensate
pressure differences and reduce tensions, (4) a metal block for direct pressing with
metal punch and (5) a press punch that can be screwed into the press, as well as
components of the heating installation consisting of (6) a heating mat with a PT 100
temperature sensor and (7) a metal frame for fixing the heating mat, including (8)
electrical ground connection. (b) Prepared press tool for hot pressing: The heating mat
is placed around the press mould and fixed with a metal frame to which a grounding
can be attached so that the temperature data recorded with a type K thermocouple
does not contain any disturbances. (c) MAPbI; powder weighed in a weighing pan. (d)
Metal punch with a circular pattern on the pressing surface caused by its manufacture.
(e) Layer extraction of a MAPbDI; thick film pressed with glass dies. (f) Thermocouple
type K for temperature measurement can be introduced to the press tool through a hole
in the base plate of the press and inserted into holes in the metal blocks. (g) Press which
is operated manually via a handle.
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Figure S2: Temporal evolution of the applied pressure during pressing MAPbI; powder
at a target pressure of (a) 25 MPa, (b) 50 MPa, (c) 75 MPa and (d) 100 MPa.
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Figure S3: Slope of the linear fits from tq7.5 times from Figure 1e in the main text, as a
function of the number of relaxations for different pressures.
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Figure S4: R? value of monoexponential (top panel) and biexponential (bottom panel)
fits as a function of consecutive pressure relaxations for target pressure levels of
25 MPa (black squares), 50 MPa (red dots), 75 MPa (blue triangles) and 100 MPa
(orange triangles).
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Figure S5: Evolution of the applied pressure during pressing MAPbI; powder: (a) After
adjusting the pressure at a target pressure of 100 MPa, the pressure was deliberately
reduced to 50 MPa. From there, the pressure was regulated again (see inset) (b)
Pressure evolution of the pressure regulation at 50 MPa from (a), together with a
monoexponential fit.

The pressure was gradually regulated to 100 MPa when pressing a MAPbI; thick film and
several relaxations were carried out at this high pressure level. Afterwards the pressure
was deliberately reduced to a lower level of 50 MPa. From there, another relaxation was
induced by an increase of pressure of about 10 % of this lower pressure level (i.e. from
~50 MPa to ~55 MPa) (Figure S5a). The relaxation at the 50 MPa level can be fitted
monoexponentially (Figure S5b), with a fit parameter t; of (371+1) min and an adjusted
R? value of 0.99965. This high quality of fit shows that the monoexponential fit describes
the relaxation very well and that therefore no shorter pressure relaxation time t; occurs

at this relaxation.
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Figure S6: (a) Temporal evolution of the applied pressure, during pressing MAPbBr;
powder at a target pressure of 25 MPa. The pressure was adjusted 13 times manually
to keep the target pressure level during the shown time span. (b) Image of MAPbBr;
powder and a pressed 1 cm x 1 cm MAPDbBTr; pellet. (c) Normalized pressure relaxations
from (a), with the peak value of a relaxation set as time zero. (d) te7.5 time as a function
of consecutive pressure relaxations for the pressure relaxations from (a) together with
a linear fit. (e) Extracted values of A1/(A1+A;) (top), t1 (middle) and t. (bottom), when
fitting the pressure relaxations from (a) using a biexponential as given in Equation 1 in

the main text as a function of the number of consecutive relaxations.
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Figure S7: MAPbI;3 thick film pressing with three different compression rates using glass
dies: (a) Evolution of the applied pressure with stepwise pressure readjustment,
showing an increase to 100 MPa in 5 min (green), 15 min (red) and 30 min (blue). (b)
Surface SEM images of three pellets, each produced with one of the pressing patterns
shown in (a).

Due to strong abrupt pressure increases during the pressing of MAPbI3 pellets, glass
breakage as well as pellet breakage can occur. To reduce the risk of these unwanted
effects when using glass dies, the pressure is not regulated directly to the specified target
value, but is instead increased stepwise, following a linear increase guideline to the target
pressure level. MAPbIs thick films were pressed with three different pressure increase
ramps, reaching a pressure of 100 MPa within 5 min, 15 min and 30 min respectively
(Figure S7a). That means the pressure regulation to the target level of 100 MPa was
performed at three fixed rates of 20.00 MPa/min, 6.67 MPa/min and 3.33 MPa/min.
Figure S7b shows surface SEM images of pellets produced with the three different
pressure increase ramps. No differences in compaction and particle size can be identified,
so that no pressure increase ramp can be preferred. However, to minimize the risk for

glass breakage, we use 6.67 MPa/min as the standard pressure increase rate.
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Figure S8: (a) Top view SEM image of a powder pressed MAPDbI; pellet pressed at 100
MPa at RT. (b) SEM images of the source MAPbI3; powder at different magnifications as
indicated.
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Figure S9: (a) The first full pressure relaxation after the start of heating, showing a
concave shape. (b) For concavely curved pressure-relaxations, the time of the start of
sintering (sinter onset) is determined by the intersection of two straight lines applied to
the relaxation.

Due to the increasing temperature during hot pressing of MAPbIs thick films, concave
curves can occur in pressure relaxations after the start of heating (Figure S9a). These
concave curves are caused by an accelerating pressure decrease, which is associated with
the beginning of a sintering process. The start of sintering is defined at the transition from
the initially flattened pressure drop to the pressure drop with a visibly stronger negative
gradient. The point of intersection of two straight lines, which are applied to the pressure
relaxation before and after the negative gradient appears, is used to determine the time

of the start of sintering and thus the sintering temperature Tsint (see Figure S9b).

For pressure relaxations of hot-pressed MAPbIs thick films without concavely curved
shape, the start of sintering is associated with the maximum of the first relaxation which
has become faster after the start of heating. Taking into account the offset and the noise
in the temperature measurements, an error of 3 % was estimated for the determined
sintering temperatures. Several measurements were evaluated at 10 MPa and 100 MPa,

from which the average value was calculated.
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Figure S11a,b show the time-dependent pressure curves of MAPDbI; thick films pressed at
RT with metal and glass dies. Both measurements were carried out following the same
pressing procedure and pressure increase ramp up to a target pressure level of 100 MPa,
at which several relaxations were carried out. The relaxation time t, extracted from
biexponential fits according to Equation 1 to the individual relaxations in Figure S11a, b,
is plotted in Figure S11c as a function of the number of relaxations. After reaching the
target pressure with relaxation 16, t, increases rapidly when using metal punch. In
contrast, t; remains small at first after reaching the target pressure level and becomes
significantly longer only at later relaxations when using a glass die. Figure S11d shows tg7.5
of the relaxations from Figure S11a, b, as a function of the number of relaxations. After
reaching the target pressure level with relaxation 16, tg7s quickly increases for the
pressing with metal stamps. A different behavior is shown for the measurement with glass
dies, where t97.5 remains small even after several relaxations at the target pressure level.
Here, a slight increase of tg7.5 can only be seen for the last few relaxations. The described
differences in the relaxation dynamics of MAPbI; thick films pressed with metal punches
or glass dies can be explained by their geometry. Since the glass die could only be
manufactured with a lower accuracy than the metal punches, there are gaps between the
glass dies and the press mould into which powder can flow. When pressing with a metal
punch, on the other hand, the gaps are very small, so that considerably less powder can
get into the sides between the punch and the mould. As the number of relaxations
increases, the powder becomes more compacted so that there are less gaps for powder
particles or powder agglomerates to flow into and the relaxation times increase. When
pressing with glass dies, the powder moves into the gaps between the die and the mould,
thus compressing more slowly and the relaxation times do not increase as quickly as when

pressing with metal punches.

When pressing with metal punches and glass dies, there are also differences in the layer
properties. Due to the slower compaction of the powder when pressing with a glass die,

corresponding layers tend to have a lower density. However, this difference can be
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compensated by a sufficiently long pressing time compared to pressing with metal
punches. Thick layers pressed with metal punches have a rough and rather matt surface
due to their production method (inset in Figure S11a). In contrast, thick layers with a
smooth and shiny surface can be produced when pressing with glass punches (inset in
Figure S11b). This is due to the significantly lower surface roughness of the glass stamps

compared to the metal stamps used.

Figure Slle, f show the temporal pressure curves of MAPblI3 thick films hot-pressed with
metal and glass stamps. Both measurements were carried out according to the same
pressing procedure with a pressure increase ramp to a target pressure level of 100 MPa,
as well as a temperature increase from room temperature to 100 °C. At the target
pressure level, several relaxations were performed. To analyze the pressure relaxations,
t97.5 was evaluated and plotted as a function of the number of relaxations, together with
the corresponding temperature Tpeak, Which is the measured temperature in the moment
of the maximum pressure value of a relaxation (Figure S11g). Due to the increasing
compaction of the powder with the number of relaxations, te75 increases initially.
However, after the start of heating, t975 decreases due to the start of a sintering process
in which powder particles and powder agglomerates further densify, until there are hardly

any flow possibilities for powder particles left, so that te7.5 increases again.

In the measurements with metal punches, the increase of tg75 due to the sintering process
starts earlier and more clearly than in the measurements with glass dies, because during
pressing with metal dies there are hardly any gaps between the press die and the press
mould into which powder could move. In contrast, for the measurements with glass
stamps, an increase of tg75 only occurs at a higher number of relaxations, since the
powder can flow more strongly into the mould due to the larger gaps between glass stamp

and mould.
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Figure S11: Pressing of halide perovskite thick films with 100 MPa at RT: (a), (b) Temporal
pressure profile with pressure increase ramp to a target pressure level of 100 MPa for pressing
with (a) metal punch and (b) glass die. The insets show exemplary pellets. (c) t, extracted from
biexponential fits according to Equation 1 in the main text to the pressure relaxations of (a) and
(b). (d) Evolution of te;5 for the measurements with metal die (a) and glass die (b). (e-g): Hot
pressing of MAPbI; thick films at 100 MPa and 100 °C: Temporal pressure and temperature
evolution with rise ramps to a target level of 100 MPa and 100 °C respectively, for pressing with
(e) metal and (f) glass die. (g) Evolution of te;5 for the measurements shown in (e) and (f),
together with the corresponding temperature Tpeak €xtracted at the maximum pressure value
of the relaxations. (h) Extraction of a MAPblI; thick film pressed with 50 MPa at RT using a glass
die: Web formation in both angled moulds (left and middle) and fragments of the incompletely
removed thick film (right).
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4.3 How the Microstructure of MAPbI; Powder Impacts
Pressure-Induced Compaction and Optoelectronic
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ABSTRACT: Within the last few years, applying pressure to improve and alter the

structural and optoelectronic properties of halide perovskite thin films and powder-

based thick-film pellets has emerged as a promising processing method. However,

a detailed understanding of the relationship between perovskite microstructure, Powder
pressing process, and final film properties is still missing. Here, we investigate the  microstructure
impact of powder microstructure on the compaction processes during pressure | .

treatment and on the final properties of powder-pressed thick films, using the
model halide perovskite methylammonium lead iodide (MAPbI;). Analyzing
pressure relaxations together with XRD and SEM characterizations, we find that ATV
larger powder particles result in less compact thick films with higher surface

roughness. Furthermore, larger particles exhibit stronger sintered connections between individual powder particles, resulting in less
crushing and particle rearrangement but in more pronounced plastic deformation during pressure treatment. Moreover, plastic
deformation of the powder particles leads to a reduction of crystallite size in the final film. This reduction results in increased
nonradiative, defect-associated excited state recombination, as confirmed by photoluminescence investigations. More plastic
deformation also deteriorates the grain boundary quality and consequently facilitates ion migration, which is reflected in higher
electrical dark conductivities of the thick films. Thus, our work elucidates how important the design of the perovskite powder
microstructure is for the pressure-induced compaction behavior and for the resulting structural, optical, and electrical thick-film
properties. These insights will pave the way for tailored pressure processing of halide perovskite films with improved optoelectronic
properties.

1. INTRODUCTION

In recent years, the application of halide perovskite thin films
in solar cells with amazingly fast increasing power conversion
efficiencies has attracted much attention in the fleld of
optoelectronics.” Moreover, other halide perovskite-based

achieved in particular by the following two strategies: On the
one hand, additives to passivate perovskite defects were used.
The additives were either added directly in the powder
synthesis'* or during the powder pressing step.” On the other
hand, using an optimized elevated temperature during pressing

applications such as LEDs” as well as photo- and X-ray
detectors were also demonstrated.’ > In the case of perovskite
X-ray detectors, especially sin%le—crystal-based devices showed
remarkably high sensitivities.”> However, as the integration of
perovskite single crystals in industry-relevant length scales and
geometries remains challenging, perovskite powder-based thick
films represent an attractive alternative for a versatile
realization of perovskite X-ray detectors.’™"?

The perovskite powders for such thick films can be
produced, e.g, by mechanochemical approaches, thermal
annealing, or by solution-based precipitation reactions.”> By
applying pressure, the perovskite powders are then either
pressed directly on a (functional) substrate or in a suitable
press mold to form a free-standing pellet wafer. However,
compared to their single-crystalline counterparts, polycrystal-
line powder thick films exhibit deteriorated optoelectronic
performance and higher dark currents, still limiting their
overall device sensitivity.””"?

Improvements in powder pellet properties and the
associated optoelectronic performance have so far been

© 2022 The Authors. Published by
American Chemical Society
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was found to increase perovskite crystallinity and pellet
compactness due to sintering effects.">~"*

Nevertheless, due to its technological simplicity, decreased
setup wear, and thus its potential for lower costs, room
temperature pressing of powders is still considered a promising
processing approach for manufacturing perovskite thick films.
From the field of ceramics, it is known that in room
temperature powder pellet pressing, not only the pressing
parameters but also the precise microstructure of the powders
play a decisive role determining the final pellet properties.'’
Thus, for processing optimized halide perovskite powder
pellets, it is crucial to understand the impact of the powder
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Figure 1. Synthesis of MAPbI; powders with different powder particle sizes (each color indicates data belonging to one sample): (a) XRD patterns
of MAPbI; powders manufactured via mechanochemical synthesis using different MAI and Pbl, precursor powders, as described in the main text.
(b) SEM images of the MAPbI; powders with small (left), medium (middle), and large (right) powder particle sizes. (c) Mean diameter of MAPbI,

powder particles extracted from SEM images.

microstructure on the pressure-induced compaction dynamics
and the resulting pellet properties. However, this under-
standing has not evolved yet.

In this work, we investigate the influence of the perovskite
powder microstructure on the pressure-induced compaction
and structural and optoelectronic properties of the resulting
pellets using the model halide perovskite MAPbI,. By tailored
mechanochemical synthesis, we prepare MAPbI; powders with
different particle sizes and degrees of sintered connections
between individual particles. In-depth analyses of pressure
relaxations during powder pressing allow identifying the
influence of the powder microstructure on rearrangement,
plastic deformation, and crushing of sintered connections.
These compaction processes directly affect the final pellet
morphology, surface roughness, and density. In addition, from
XRD measurements of powders and pellets, conclusions about
the change of microstrain and crystallite size upon pressure
treatment can be drawn, where the extent of pressure-induced
crystallite size reduction depends decisively on the specific
powder microstructure. Finally, we assess the optoelectronic
properties of the pellets using time-resolved and steady-state
photoluminescence (PL) spectroscopy, as well as impedance
spectroscopy. This enables us to identify a dependence
between the defect-assisted excited state recombination and
the MAPDI; crystallite size in the pellets, whereas the dark
conductivity depends on the powder particle size. Our results
thus illustrate the complex relationship between the powder
microstructure and the optoelectronic properties in perovskite
powder pellets and also show the importance of pressure
treatment in this context.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Precursor powders MAI and
PbI, were used to synthesize MAPbI; powders mechanochemi-
cally. The MAPbI; powders were pressed into pellets using a

homebuilt mechanical press and a circular pressing tool
(diameter 13 mm) from Maassen (for details, see SI Section
S1-S3).

2.2. Sample Characterizations. For morphology studies,
SEM images of the perovskite powders and pellets were taken
with a Zeiss Leo 1530 scanning electron microscope (FE-SEM
with Schottky-field-emission cathode, SE2 detector, and In-
lens detector) using an accelerating voltage of 3.0 kV.
Therefore, the powders and the pellets were fixed on a sample
holder with conductive adhesion graphite pads (Plano) and
sputtered with a 1.5 nm thin platinum layer. The perovskite
powders and the pellets were characterized under ambient
conditions by reflection mode XRD using a Bruker “D8
Discover A2S5” with Cu-K,; radiation (4 = 0.15406 nm). The
K rays were removed with a Ge-K;; monochromator. The
instrument was operated with 40 kV and 40 mA. Diffracto-
grams were recorded with a 26 step size of 0.016° or less in the
20 range from 10 to 45°. The relative density of the pressed
pellets was calculated based on the pellet area, the pellet mass,
and the pellet thickness. The surface roughness Sz (maximum
height of the surface) of the pellets was determined using a 3D
laser scanning microscope ZEISS LSM 800 Mat (for more
details, see SI Section S4).

2.3. Optical and Electrical Pellet Characterizations.
The transient time-resolved PL measurements of the perov-
skite pellets were measured using time-correlated single-
photon counting (TCSPC) in a PicoQuant MT200 confocal
fluorescence microscope. For excitation, 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. The excitation fluence was
set to 100 nJ/cm® An Olympus objective (4X magnification,
numerical aperture of 0.1) was used to focus the laser beam on
the pellet samples, giving a spot diameter of about 6 ym in the
focal plane. In the optical detection path, a 561 nm long-pass
filter was used to remove the scattered excitation light. The

https://doi.org/10.1021/acs.jpcc.2c03329
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Figure 2. (a) Photographs of a MAPbI; powder and corresponding powder pellet (13 mm diameter). (b) Schematic illustration of the mechanical
press setup used to prepare MAPbI; powder pellets. (c) Time evolution of the applied pressure when pressing a MAPbI; powder with small
particles. To maintain the target pressure level of 25 MPa, the pressure was manually readjusted. (d)—(f) First 6 pressure relaxations (normalized),
where the individual maximum values are set to a common time zero for MAPbI; powders with (d) small, (¢) medium, and (f) large powder

particle sizes.

remaining emission from the pellet sample was detected with a
PMA Hybrid PMT 40 photomultiplier tube (PicoQuant), and
the signal was processed with a TimeHarp 260 Pico TCSPC
board (PicoQuant). The steady-state PL spectra were
measured using a homebuilt setup. For excitation, a 337 nm
nitrogen laser (LTB MNL 100) was used. The photo-
luminescence from the pellet samples was focused into a
spectrograph (Andor Shamrock SR303i) and recorded with a
CCD camera (Andor iDus DU420a-OE). The recorded
spectra were corrected for transmission and detection
efficiency of the setup.

The electrical properties of the perovskite pellets were
investigated in darkness by impedance spectroscopy. Two-wire
measurements were performed with an Alpha-A High-
performance-frequency analyzer (Novocontrol Technologies).
At the beginning of each measurement, a DC voltage of 0.5 V
was applied for 60 min to avoid temporal drifts. Then, in
addition to the already applied DC voltage of 0.5 V, an AC
voltage with an amplitude of 30 mV was applied, whose
frequency was varied between 1 Hz and 1 MHz. All
measurements were carried out in a dry and oxygen-free
argon atmosphere (for more details, see SI Section S5).

3. RESULTS AND DISCUSSION

3.1. Powder Microstructure. To obtain MAPbI; powders
with different microstructures, we used a mechanochemical
synthesis approach by ball milling MAI and Pbl, precursor
powders that exhibit different sizes. To achieve the different
precursor sizes, we varied the time for the final crystallization
step in the MAI synthesis, resulting in MAI with two different
sizes (hereafter called “Raw MAI” and “Enlarged MAI”) and
also ball-milled the “Raw” compound to obtain a third MAI
batch with smaller sizes (“Milled MAI”). Similarly, we used
commercial Pbl, powder as purchased (“Raw Pbl,”) and
produced a second PbI, batch with smaller particle sizes

15426
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(“Milled PbI,”) by ball milling “Raw Pbl,.” For the
mechanochemical synthesis of the three MAPDbI; powders
fabricated in this work, we used the precursor combinations
“Raw MAI/Raw Pbl,,” “Enlarged MAI/Milled Pbl,,” and
“Milled MAI/Milled Pbl,” (see SI Section S1 and S2 for details
of the precursor and MAPbI, preparation).

The total milling time for all three syntheses was 25 min,
and all lead to phase-pure MAPbI; powder as confirmed by X-
ray diffractometry (XRD) (Figure la, reflexes indexed in
Figure S2). All mechanochemically synthesized powders
consist of agglomerates of aggregates of individual particles
(see scanning electron microscopy (SEM) images in Figure
S3a—c for details), which is in agreement with the
literature.”>' SEM images at higher magnification further
demonstrate that the three different MAPbI; powders exhibit
different particle sizes (Figure 1b). From the analysis of the
SEM images (see SI Section S2 for details), we find that the
“Raw MAI/Raw Pbl,” combination leads to small MAPbI,
particles with a mean diameter of 0.4 ym (referred to as
“Small”), whereas the “Enlarged MAI/Milled Pbl,” and
“Milled MAI/Milled PbI,” combinations result in larger
MAPDI, particles with mean diameters of 0.7 ym (“Medium”)
and 1.1 um (“Large”), respectively (Figure 1c).

From the SEM images, it also becomes clear that individual
MAPDI; particles are tightly connected with neighboring
particles, suggesting a soft sintering process occurring during
the mechanochemical synthesis.”” Furthermore, the size of
these sintered connections appears to increase with the mean
diameter of the MAPDI, particles (see Figure S3d—f for
detailed images).

The final MAPDI; particle sizes can be understood by
considering the differences in size and material properties of
the MAI and Pbl, precursors. Using XRD investigations,
Manukyan et al. demonstrated that significant differences in
the size of PbI, precursors do not influence the resulting

https://doi.org/10.1021/acs.jpcc.2c03329
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particle sizes of mechanochemical synthesized MAPbDI,
powders, as the brittle Pbl, gets fully crushed quickly during
milling.”* Consequently, we assume the properties of the MAI
precursors to play a major role determining the final MAPbI;
particle sizes. While a detailed investigation of the influence of
MALI size on MAPDI; particle sizes is beyond the scope of this
paper and will be addressed in detail in subsequent work, we
note that, in general, the milling time required for full
perovskite conversion increases with larger MAI crystals.”
Consequently, for a constant overall milling time, the milling
duration after full perovskite conversion becomes shorter for
larger MAI crystals. As the milling duration after full perovskite
conversion is associated with a reduction of the MAPbI,
particle size,”"**** larger MAI crystals result in larger final
MAPDbI,; particles. This explains the particle sizes found for the
MAPbI; powders “Small” and “Medium,” where “Raw MAI”
and “Enlarged MAI” precursors were used, respectively.

However, surprisingly, using “Milled MAI” results in the
MAPDI; powder with the largest particle sizes. In this case, due
to the small MATI crystals and small Pbl, particles, we expect a
prompt perovskite conversion during ball milling,**** where
small MAPDI; particles form already after a rather short time of
ball milling. During the remaining time of ball milling, a
subsequent growth of the MAPDI; particles occurs, as observed
by Lopez et al.>® This subsequent growth might be associated
with the limited heat dissipation capability of small MAPbI,
particles, facilitating a more pronounced sintering effect and
thus growth of the MAPDbI; particles during milling. The
presence of such a sintering effect is easily conceivable, as, in
MAPDbI;, sintering occurs already below 34 °C at 10 MPa,"*
and local temperatures around 40 °C are known to be present
during mechanochemical synthesis due to the friction between
powder, milling balls, and the vessel wall.*® Furthermore, it is
known from the field of ceramics that the sintering
temperature decreases for powders with smaller powder
particle sizes,”” which further supports our explanation.

In summary, we successfully synthesized MAPbI; powders
that exhibit different microstructures, ie., different particle
sizes and corresponding sizes of sintered connections, by
appropriate choice of the precursor properties. These MAPbI;
powders are the basis for the following investigations regarding
the influence of the powder microstructure on the resulting
pellet properties.

3.2. Pellet Pressing—Powder Compaction Dynamics.
Using the three MAPbI; powders “Small,” “Medium,” and
“Large,” we pressed pellets and investigated how the
differences in the powder microstructure impact the
compaction behavior upon applying pressure (see Figure 2a
for photographs of representative MAPbI; powder and final
pellet).

For producing the pellets, a homebuilt mechanical press was
used, which is illustrated in Figure 2b and described in detail
elsewhere (also see SI Section S3).'> With our setup, it is
possible to monitor the pressure as a function of time by means
of pressure sensors that are located below the press tool. For
the compaction of all three powders, we used the same
pressing parameters, i.e., a target pressure P of 25 MPa and a
pressing time of 160 min at the target pressure level.

After applying a certain pressure, the pressure decreases due
to different compaction processes of the powder particles.'® To
investigate these compaction processes, we followed the
approach from our previous work'® and readjusted the
pressure by a certain amount AP to prevent coming below

the target value Pr. In our experiments, we envisaged to realize
AP to be in the range of about 4 MPa, where the accuracy to
realize the targeted AP value was limited by our manual
pressure readjustment procedure (Figure S4a). Figure 2c
shows the temporal evolution of pressure for a pellet made
from the powder “Small” (see Figure S4b for corresponding
measurements of the other powders). For this powder “Small,”
13 pressure readjustments were necessary to maintain the
target pressure level of 25 MPa within the 160 min of pressing
time.

From Figure 2c, it becomes clear that the relaxations
decelerate with increasing number of pressure readjustments.
To examine this behavior in more detail, it is useful to
normalize all pressure relaxations and set each maximum
pressure value to a common time zero (ie, f = 0 min
corresponds to the moment of pressure readjustment). This is
shown in Figure 2d—f for the first six relaxations of the three
powders pressed at 25 MPa (see Figure S4c for all relaxations).
Qualitatively, it becomes clear that the deceleration of the
relaxations with increasing number of pressure readjustments is
more pronounced for larger powder particle sizes. Further-
more, the relaxations for lower numbers of readjustments
appear more curved.

To quantify the observed changes in the length and shape of
the relaxations, we fitted all normalized pressure relaxations
using a biexponential function of the form

P(t) = B+ Aoe e+ Ayee/t (1)

with the amplitudes A, and Ay, and the relaxation times ¢,, and
tq Ap and t,, represent the characteristic amplitude and time
constant of particle rearrangement.'® Ay, and ty, are associated
with compaction processes that change the shape of the
connected powder particles, i.e., plastic deformation and
crushing processes.'>'” The corresponding fit results of t,
and tg, are shown in Figure 3a as a function of pressing time for
the three MAPbI; powders with small (green squares),
medium (blue dots), and large (red triangles) particle sizes.
Both t,. and t, increase with time, with ¢, in general, being
about one order of magnitude lower than ty. These
observations are consistent with the results about the powder
compaction behavior of MAPbI; and MAPbBr; powders from
our previous work."> Furthermore, t,, and ty, increase for larger
powder particle sizes. Therefore, the more pronounced
deceleration of the pressure relaxations for larger powder
particle sizes and larger sintered connections (Figure 2d—f) is
also reflected in Figure 3a. This implies that for the powder
“Small” with small particle sizes and small sintered
connections, the most prominent compaction dynamics is
observed. Assuming that the crushing process takes place
within a shorter period of time than the plastic deformation
process, the lower values of ty, for the powder “Small” indicate
a more dominant crushing process to be present in this powder
compared to the powders “Medium” and “Large.” This is
supported by the smallest sintered connections found for the
powder “Small” (see Figure S3d—f), which might facilitate
crushing into individual powder particles. Enhanced crushing
for weaker connections between individual powder particles
was also observed by Cai et al. for BaCeQj perovskites.”®
From our analysis of the amplitudes extracted from the fits
of the pressure relaxations, we find that the amplitude ratio
A,/ (A, + Ay,) is modulated by the variations in AP (Figure
S4a). It is necessary to correct this modulation to derive
reliable information from the amplitude ratios. Thus, Figure 3b

https://doi.org/10.1021/acs.jpcc.2c03329
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Figure 3. Quantitative pressure relaxation analysis for pellets pressed
at Py = 25 MPa using MAPbI; powders with small (green squares),
medium (blue dots), and large (red triangles) powder particle sizes
(dashed lines serve as a guide for the eye). (a) Resulting fitting
parameters t, (top) and t; (bottom) from fitting the pressure
relaxations using a biexponential decay as a function of pressing time.
(b) Temporal evolution of the AP-corrected amplitude ratio A../(A.
+ Ay)-AP7!,

shows the amplitude ratio corrected for variations in AP, i.e.,
A/ (A + Ag,)-AP7! as a function of pressing time for the
three MAPbI; powders with small (green squares), medium
(blue dots), and large (red triangles) particle sizes (see SI
Section S3 and Figure S$ for details). For all powders, A,./(A,
+ Ag,)-AP™" decreases with pressing time, suggesting that most
particle rearrangement occurs at the beginning of the pressing
process, which is in line with the literature.">*” In contrast, the
compaction processes associated with the second exponential,
i.e,, plastic deformation and crushing of connected particles
seem to gain importance for the overall compaction process at
longer times. It is noticeable that over the entire considered
time range, the corrected amplitude ratio is lower for smaller
particle sizes. Especially, the corrected amplitude ratio of the
powder “Small” is clearly lower than that of the other powders
“Medium” and “Large,” indicating that plastic deformation
and/or crushing contributes more to the overall pressure
reduction in the powder “Small” compared to the other two
powders. Overall, taking into account the above-discussed
differences in the absolute values of ty, we conclude that
among plastic deformation and/or crushing, crushing is the
more relevant process for the powder "Small.” In comparison,
plastic deformation seems to be more important in the
powders “Medium” and “Large,” and its contribution to the
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overall pressing process appears to increase with increasing
particle size.

3.3. Pellet Morphology. Based on the findings in Section
3.2, we examined whether the different extents of the
compaction processes in the three MAPbI; powders are also
reflected in the resulting pellet properties, ie., the pellet
morphology and density. Figure 4a—c shows top view SEM
images of the pellets pressed at 25 MPa using the three
powders with small, medium, and large powder particle sizes. It
becomes clear that an increasing powder particle size is also
reflected in the morphology of the powder-pressed pellets,
which was also observed, e.g, in the field of polycrystalline
ceramics.'’ Furthermore, the size of voids and thus the
porosity of the pellets increases with larger powder particles.
Consequently, the corresponding relative densities decrease
with increasing powder particle sizes (Figure 4d). Here, the
highest relative density of ~0.79 of the pellet made from the
powder “Small” differs noticeably from the relative densities
obtained with the powders “Medium” (~0.77) and “Large”
(~0.76). All relative densities agree well with the relative
density of ~0.8 reported for a MAPbI; pellet pressed at the
same pressure level in our previous work."> In addition, our
observation that smaller powder particle sizes result in higher
pellet densities agrees well, e.g., with the work of Cai et al., who
investigated the densities of different BaCeO; perovskite
powder pellets pressed at 130 MPa.”® A higher compaction of
the smaller powder particles compared to larger particle sizes is
also reflected in the surface roughness Sz, which we find to
increase with increasing powder particle sizes from ~6.0 ym
(“Small”), ~8.6 ym (“Medium”) to ~10.8 um (“Large”)
(Figure 4e).

Figure 4f shows normalized XRD patterns in the range of
27.7-29.0° for the powder “Medium” (solid line) and the
corresponding 25 MPa pellet (dashed line). Here, a broad-
ening of the (004) and (220) MAPDI, reflexes for the 25 MPa
pellet becomes clear (see Figure S7 for patterns of the other
powders and corresponding pellets). To further investigate the
reflex broadening upon applying pressure, we pressed addi-
tional pellets at a pressure of 100 MPa (see SI Section S3 for
details). The normalized XRD patterns of the 100 MPa pellets
show an even stronger reflex broadening than for the 25 MPa
pellets (Figures 4f and S7, dotted lines). In general, a reflex
broadening in the XRD patterns could be caused by a
reduction of the MAPbI; crystallite sizes due to the applied
pressure. To evaluate this in more detail, we used the Rietveld
refinement method to extract crystallite sizes and microstrain
from the XRD patterns of all powders and pellets (see Figure
S8 for details). The results are summarized in Table 1.

From the XRD analysis, it becomes clear that microstrain is
induced, and it increases with increasing pressure, while the
MAPDI; crystallite size in the final pellets reduces. The 25 MPa
pellets exhibit 0.02—0.04%, and the 100 MPa pellets between
0.07 and 0.09% microstrain. This increase is reasonable, since
the applied pressure can induce dislocations and stacking faults
in the perovskite.**”*> Here, the degree of microstrain induced
in the pellets appears to be largely independent of the powder
particle size. In the case of the powders, no significant
microstrain could be found.

In contrast, the degree of crystallite size reduction induced
by the applied pressure differs for the powders “Small”
“Medium,” and “Large.” For the powder ”"Small,” the crystallite
size is reduced from 340 nm in the powder to 210 and 100 nm
in the 25 and 100 MPa pellets, respectively. This corresponds

https://doi.org/10.1021/acs.jpcc.2c03329
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Figure 4. Top view SEM images of pellets pressed at Py = 25 MPa using MAPbI; powders with (a) small, (b) medium, and (c) large powder
particle sizes. (d) Relative density and (e) surface roughness Sz of pellets pressed at Pr = 25 MPa using MAPbI; powders with small (green
squares), medium (blue dots), and large (red triangles) powder particle sizes. (f) XRD patterns showing the (004) and (220) MAPbI, reflexes of
the powder “Medium” (solid line) and corresponding pellets pressed with 25 MPa (dashed line) and 100 MPa (dotted line) target pressure level.

Table 1. Microstrain and Crystallite Size of Samples from the Powders with Small, Medium, and Large Powder Particle Sizes
Extracted via the Rietveld Refinement Method with Corresponding Relative Crystallite Size Reduction and Rate Constants k,
from Time-Resolved Photoluminescence Measurements (see Section 3.4)

source powder sample type microstrain (%) crystallite size (nm) crystallite size reduction (%) rate constant k; (10° s7')
“Small” powder <0.01 340 + 100
38
25 MPa pellet 0.04 + 0.01 210 + 45
52
100 MPa pellet 0.08 + 0.01 100 + 10 120.8 + 3.5
“Medium” powder <0.01 >350
>54
25 MPa pellet 0.04 + 0.01 160 + 30
56
100 MPa pellet 0.09 + 0.01 70 £ 1§ 377.6 + 20.8
“Large” powder <0.01 >350
>14
25 MPa pellet 0.02 + 0.01 300 = 75
60
100 MPa pellet 0.07 + 0.01 120 + 2§ 58 +04

to a relative reduction of crystallite size of the powder “Small”
by 38% for a pressure of 25 MPa and a further reduction by
52% when using 100 MPa to prepare a pellet (Table 1). Due to
the very narrow reflexes in the XRD pattern of the powder
“Medium,” only a lower limit of >350 nm could be determined
for the crystallite size. For the “Medium” compounds, the
pressure-induced crystallite size reduction is at least 54% for a
pressure of 25 MPa and comprises a reduction of another 56%
when going to 100 MPa. Therefore, the pressure-induced
crystallite size reduction is more pronounced for the powder

“Medium” than for the powder “Small.” The powder “Large”
shows the most significant reduction of crystallite size,
reducing from 300 to 120 nm, i.e., by even 60%, when going
from 25 to 100 MPa.

To understand the degree of pressure-induced crystallite size
reduction, we recall that during the pressing process,
rearrangement as well as crushing and plastic deformation of
the powder particles take place. For crushing and rearrange-
ment processes, powder particles typically break up at sintered
connections and move without significantly reducing their

https://doi.org/10.1021/acs.jpcc.2c03329
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Figure 5. Analyses of optoelectronic properties for pellets pressed at 100 MPa target pressure level using MAPbI; powders with small (green),
medium (blue), and large (red) powder particle sizes: (a) Normalized transient PL curves with fits. (b) Rate constant k, and diffusion constant D
extracted from the fits in (a) as a function of crystallite size. (c) Normalized steady-state PL spectra. (d) Urbach energy Ey and dark conductivity

Ogark as a function of powder particle size.

crystallite size. In contrast, the crystallite size decreases clearly
upon plastic deformation, e.g., due to the formation,
movement, and accumulation of dislocations.'”**** Here,
Mayer et al. could also demonstrate recently that plastic
deformation in halide perovskites proceeds by gliding of
dislocations along well-defined crystallographic planes.**
Accordingly, when pressing powders with larger particle
sizes, the stronger reduction of the crystallite size (Table 1)
indicates that the larger particles exhibit more plastic
deformation. This is in good agreement with the conclusions
drawn from the analysis of the compaction dynamics in Section
3.2. Furthermore, the stronger plastic deformation of larger
powder particles appears reasonable, considering that within a
defined volume, less rearrangement is possible for larger
powder particles®® and therefore, a higher fraction of the
energy provided by the applied pressure transfers into plastic
deformation. In addition, the size, and thus strength of the
sintered connections between the individual powder particles,
also seem to influence the extent of plastic deformation.
Smaller thicknesses of the sintered connections between
individual powder particles might allow them to break up
more easily under a certain pressure, facilitating rearrangement
processes of crushed particles. Indeed, such a relationship was
reported for BaCeQj perovskites.”® If the sintered connections
are thicker so that a certain pressure is not sufficient to break
these connections, the energy introduced by the pressure will
be converted mainly into plastic deformation of the powder
particles. The presence of thicker sintered connections for
larger MAPDI; powder particle sizes, as observed in Figure
S3d—f supports this scenario.

Overall, the morphology analyses of the pellets suggest a
stronger compaction of smaller powder particles, as expected
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from the analysis of the compaction dynamics (Section 3.2).
Also, in line with the conclusions drawn in Section 3.2, the
degree of pressure-induced crystallite size reduction indicates
that larger powder particles exhibit more plastic deformation
when pressure is applied, which is associated with the
increasing size of the sintered connections for larger particles.
This more pronounced crystallite size reduction for larger
particle sizes finally results in lower absolute crystallite sizes in
the pellets made from powder “Medium,” compared to
corresponding crystallite sizes in the pellets made from the
powder “Small.” Thus, the pressing process can significantly
impact on the structural properties of MAPbI; powders.

3.4. Pellet Optoelectronic Functionality. After having
determined the impact of the MAPbI; powder microstructure
on the compaction dynamics and the morphology, i.e., density
and crystallite size of the resulting pellets, we investigated the
impact of the powder microstructure on the optoelectronic
functionality of the final pellets. For all optoelectronic
investigations, we used 100 MPa pellets due to their improved
surface quality compared to the 25 MPa pellets (for details and
supplementary morphology characterizations, see SI Section S4
and SS).

Time-resolved PL decay curves were measured to investigate
the charge carrier recombination dynamics after exciting the
pellet samples with a pulsed diode laser (excitation photon
energy: 2.1 eV). Figure Sa shows the normalized time-resolved
PL curves of the pellets made from powders with small
(green), medium (blue), and large (red) powder particles. It
becomes clear that the decay curves of the three pellets exhibit
different shapes and decay dynamics. To investigate these
differences in more detail, the rate equation

https://doi.org/10.1021/acs.jpcc.2c03329
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describing the decay of the photoinduced free charge carrier
density n(t) due to different recombination processes was used
to fit the time-resolved PL curves.*® The rate equation
considers three recombination processes with corresponding
rate constants k), k,, and k; that correspond to monomolecular,
bimolecular, and Auger recombination, respectively. k; is
determined by the nonradiative recombination due to
traps'**” and thus correlates with the defect density in the
pellet sam_/ples. k, and k; are assumed to be material
constants.”” They were set to k, = 6.8 X 107 em® s7! and
ky = 1.0 X 107 cm® s7!, based on literature values.*® The
diffusion of the charge carriers after initial photoexcitation is

2,
considered by the term D%, with the diffusion constant D and
Iz

the thickness z over which charge carrier processes in the
pellets are assumed to be relevant. To account for deviations in
the initial charge carrier density caused by differences in the
sample morphology, the fit parameter n, was allowed to deviate
from the initial charge carrier density value one would expect
based on the laser fluence used in our experiment, resulting in
a range between ny = 1.67 X 10'® em™ and n,y = 5.14 x 10"
cm™ (see SI Section S5 for details).

Fits according to eq 2 to the measured time-resolved PL
curves are shown in Figure Sa (gray dotted lines) and provide a
good description of the measured data. The resulting rate
constants are K ppegum = (3.78 = 0.21) X 107 57, ky g =
(1.21 £ 0.04) x 107 57!, and k; 1 g = (5.77 £ 0.40) X 10° s~
for the pellets made from the powders “Medium,” “Small,” and
“Large,” respectively. Figure Sb shows k; as a function of
crystallite sizes of the 100 MPa pellets (with corresponding
values from Table 1). Even though the error ranges of the
crystallite sizes for the powders “Small” and “Large” partly
overlap, Figure 5b suggests that k, decreases with increasing
crystallite size. This is in line with the transient PL results by
D’Innocenzo et al. on MAPbDI; thin films with different
crystallite sizes.*® The diffusion constants obtained from the
fits according to eq 2 are in the range between 0.06 and 0.35
em? 57, in §ood agreement with literature values of MAPbI;
thin films.*>*° Furthermore, D appears to be directly correlated
with the MAPDI; crystallite size from Table 1 (Figure Sb,
bottom). This is also in line with literature reports, where an
increase of D with the crystallite size of MAPbI; was
observed.*"** Overall, the time-resolved PL investigations
demonstrate that larger crystallite sizes result in more charge
carrier diffusion after photoexcitation and in prolonged charge
carrier lifetimes, both aspects indicating a lower defect density
in the perovskite.

We measured steady-state PL spectra of the 100 MPa pellets,
with normalized spectra of the pellets made from powders with
small (green), medium (blue), and large (red) powder particle
sizes, as shown in Figure Sc. In addition to the main peak
originating from direct PL of MAPbL; at about 1.6 eV,*** all
spectra show an additional shoulder at lower energies, which
we attribute to stem from a filtered PL contribution due to self-
absorption.”>™"" The pellets pressed from the powders
“Medium,” “Small,” and “Large” exhibit direct PL peak
positions of 1.58, 1.59, and 1.60 eV, respectively. Thus, the
PL peak position shifts to higher energies with increasing
crystallite size of the pellets (Table 1). This is accompanied by
a decrease in the relative intensity of the filtered PL peak

contribution (Figure Sc). We associate the PL peak shift to
higher energies with a decreasing density of defects near the
interface toward air. The decreased defect density facilitates
radiative recombination in this region. Thus, on average, more
PL comes from near the interface than from the bulk, reducing
the effect of self-absorption on the direct PL. This explanation
is also supported by the finding that k;, decreases with
increasing crystallite size (Table 1). The lower contribution of
filtered PL to the PL spectrum can be explained by the higher
surface roughness of the pellet from the powder “Large”
(Figure S9), leading to enhanced light outcoupling at the
interfaces. Thereby, internal reflections contributing to the
filtered PL become weaker, and additionally, more of the direct
PL can leave the sample toward the detector.*®

From the shape of the measured PL spectra, we extracted
the Urbach energy E;—a measure for the degree of disorder
within the perovskite (for details, see SI Section SS, Figure
S11). The extracted values of Ey increase slightly from 13.6 to
13.9 meV for the powder “Small” and “Medium” to the powder
“Large,” respectively, (Figure Sd, top) and are in line with
reported Ey values for MAPbI, films and single crystals.*”*°

Overall, our PL investigations demonstrate that the
nondirect correlation between the MAPbI; powder particle
size and the resulting crystallite size in corresponding pellets
found in Section 3.3 is also reflected in the excited state
properties and defect densities. Here, it is interesting to note
that the increased extent of plastic deformation for larger
particle sizes upon applying pressure appears to have no
significant impact on the excited state recombination proper-
ties in the pellets, even though the Urbach energy extracted
from the PL spectra increases with the MAPbI; particle size.
This is in contrast to observations by, e.g, Frohna et al. on
solution-processed halide perovskite thin films, where typically
an increase in Urbach energy, ie., disorder, is accompanied
with an increase in nonradiative recombination rate.”"> We
thus speculate that defects induced by plastic deformation
exhibit different, more favorable energetic properties compared
to the defects and associated type of disorder of, e.g., solution-
processed perovskite films that are not subjected to pressure
treatment.

Having investigated the impact of the powder micro-
structure on the optical properties, we finally consider the
impact of the powder microstructure on the electronic
functionality, i.e., charge carrier transport properties. There-
fore, we evaporated top electrode structures on the 100 MPa
pellets and conducted impedance spectroscopy measurements
between 1 Hz and 1 MHz. All impedance measurements were
performed in an argon atmosphere to exclude possible changes
in the electrical properties due to oxygen and moisture.”>>°
The measured impedance spectra were plotted as Nyquist
plots and fitted according to an equivalent circuit consisting of
a resistance in series to an RC parallel element (see Figure S12
for details).

From the impedance spectra measured in the dark, the
electrical dark conductivity o4, was calculated using the
resistance of the MAPDI; pellets and a simulated geometry
factor (for details, see SI Section SS). By doing so, we find
electrical dark conductivities for the 100 MPa pellets to
increase with the powder particle size, ie., for the powders
“Small,” “Medium,” and “Large,” we find 5.4 X 107, 8.2 X
1078 and 8.3 X 107 S cm ™, respectively (Figure Sd, bottom).
These values agree well with the dark conductivities in the

https://doi.org/10.1021/acs.jpcc.2c03329
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order of 107® S cm™ found for MAPbI, thin films measured by
galvanostatic polarization at 40 °C in argon atmosphere.’®

Dark currents in MAPbI; powder-based thick films are
caused by ion migration, in particular, by the vacancy-assisted
migration of MA cations and iodine anions.”’ ™" Literature
reports indicate that due to the higher activation energy
compared to iodine migration, the migration of MA cations
plays a minor role."***~®* Thus, we assume that the ionic
conductivity is mainly determined by the iodine concentration
[I"] and their mobility u;- to hop across vacancies, i.e.,
Cion, - = /,tl,-[I_]wa.éo’62 Ion migration in polycrystalline halide
perovskite films was found to typically take place at or in the
grain boundaries, as the latter exhibit higher concentration of
point defects (especially halide vacancies) than the perovskite
bulk.******%* We assume that among the different pellets
investigated in our study, the pellets made from the powder
“Small” exhibit the highest density of grain boundaries,
corresponding to the highest concentration of migrating ions.
In this context, the mobility for ion migration in the pellet from
the powder “Small” must be relatively low to explain the
observed low dark conductivity (Figure Sd, bottom), i.e., here,
a rather high activation energy for ion migration must be
present. It is known that the microstructure of the perovskite
has a significant impact on the activation energy for ion
migration,”® where higher activation energies were suggested
to be linked to less lattice distortions® due to, e.g.
dislocations, disorientated grains, wrong bonds, and excess
volume at the grain boundaries.*® This fits well with our results
from Sections 3.2 and 3.3, where we find the powder “Small”
to exhibit the lowest degree of plastic deformation due to the
pressing process, possibly resulting in the highest “quality” of
grain boundaries in the corresponding pellets.

In contrast, for the pellets made from the powders
“Medium” and “Large,” we assume a decreased ion
concentration due to a lower grain boundary density. However,
a reduced activation energy for ion migration due to, e.g, a
rather high density of dislocations at the grain boundaries can
be expected. The reduced activation energy seems to be the
dominant aspect leading to the higher values of 0y, for the
pellets made from the powders “Medium” and “Large” in
Figure Sd. A higher density of dislocations at the grain
boundaries can be the result of the more pronounced plastic
deformation of larger perovskite particles during the pressing
process,'” which we indeed identified from our analyses in
Sections 3.2 and 3.3.

Consequently, we conclude that changes in activation energy
for ion migration due to differences in the quality of the grain
boundaries are likely to be the most crucial aspect determining
the observed differences in dark conductivities in Figure Sd.
Changes in ion concentration due to different densities of grain
boundaries appear to be less important.

4. CONCLUSIONS

In summary, we investigate in detail the influence of powder
microstructure on the properties of resulting powder-pressed
pellets. To this end, MAPbI; powders with different micro-
structures, i.e., with different powder particle sizes and degrees
of sintered particle connections, are manufactured by
mechanochemical ball milling. From the analysis of the
pressure relaxations during powder pressing, we identify that
particle rearrangement, plastic deformation, and pressure-
induced crushing of sintered connections are present, where
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the importance of these processes to the overall compaction
process depends on the particle size and the strength of the
sintered connections. Here, we identify that MAPbI; powders
with smaller powder particle sizes and thinner sintered
connections result in more compact pellets.

From XRD patterns of powders and pellets, we find that the
MAPDI; crystallite size of the powders decreases clearly when
pressed to a pellet. Furthermore, the final crystallite size in the
pellet does not directly correlate with the initial powder
particle sizes. The extent of plastic deformation present during
the pressing process is the dominant process that determines
the magnitude of crystallite size reduction upon applying a
certain pressure. Thereby, more plastic deformation during
pressing of larger powder particles with higher sintered
connection strength leads to a stronger reduction of crystallite
size in the pellet. The extent of plastic deformation appears to
depend decisively on the specific microstructure, especially the
strength of sintered particle connections.

Finally, the optoelectronic functionality is examined by PL
and impedance spectroscopy. While the nonradiative recombi-
nation rate constants determined from time-resolved PL
spectroscopy decrease with the MAPDI; crystallite sizes in
the pellets, the electrical dark conductivity of the pellets
increases with the powder particle size. Changes of the
activation energy for ion migration due to differences in the
quality of the grain boundaries are likely to be the most crucial
aspects determining the observed increase of dark conductivity
with particle size.

Thus, our results demonstrate the importance of the powder
microstructure on the compaction behavior upon pressure
treatment and on the resulting pellet morphology as well as on
optical and electric properties. Our work further sheds light on
the many-faceted structure—properties relationship in halide
perovskites, with pressure representing a suitable external
stimulus to tune powder-based thick-film properties. Even-
tually, the understanding gained in this work will allow to
further advance the pressure processing and thus the
functionality of powder-based perovskite optoelectronic
devices, such as X-ray detectors.

Bl ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03329.

Details on MAI and Pbl, precursor preparation and
mechanochemical synthesis of MAPbI; powders, includ-
ing SEM images; details on pellet pressing; additional
analyses of the pressure relaxations, including detailed
analyses of the amplitude ratio; supplementary XRD
patterns of powders and pellets; details concerning
relative densities and surface roughness with values of
the 100 MPa pellets; and details on optoelectronic
measurements, including additional analyses of the time-
resolved PL curves, extraction of Urbach energy, and an
exemplary impedance spectrum with an equivalent
circuit for corresponding fits (PDF)

B AUTHOR INFORMATION

Corresponding Author
Fabian Panzer — Soft Matter Optoelectronics, University of
Bayreuth, Bayreuth 95440, Germany; © orcid.org/0000-
0002-2191-9011; Email: fabian.panzer@uni-bayreuth.de

https://doi.org/10.1021/acs.jpcc.2c03329
J. Phys. Chem. C 2022, 126, 15424—15435



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Authors

Christina Witt — Soft Matter Optoelectronics, University of
Bayreuth, Bayreuth 95440, Germany

Nico Leupold — Department of Functional Materials,
University of Bayreuth, Bayreuth 95440, Germany

Philipp Ramming — Soft Matter Optoelectronics, University of
Bayreuth, Bayreuth 95440, Germany

Konstantin Schotz — Soft Matter Optoelectronics, University
of Bayreuth, Bayreuth 95440, Germany

Ralf Moos — Department of Functional Materials, University
of Bayreuth, Bayreuth 95440, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c03329

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge financial support by the German
National Science Foundation DFG via the project PA 3373/3-
1 and MO 1060/32-1. The authors further thank Irene Bauer
for MAI synthesis, Jennifer Jungklaus for the powder
preparation, the Department of Metal and Alloys (Prof. Uwe
Glatzel) of the University of Bayreuth for the possibility to
conduct XRD measurements, Jérg Exner for simulation of the
geometry factor, and Angelika Mergner, Nicole Hall, and the
KeyLab Electron and Optical Microscopy of the Bavarian
Polymer Institute (BPI) for SEM images and access to the
MT200 confocal fluorescence microscope.

B REFERENCES

(1) NREL Best Research-Cell Efficiency Chart, https://www.nrel.
gov/pv/cell-efficiency.html ( accessed April 14, 2022).

(2) Lin, K;; Xing, J.; Quan, L. N.; de Arquer, F. P. G.; Gong, X; Lu,
J.; Xie, L; Zhao, W.; Zhang, D.; Yan, C,; et al. Perovskite Light-
Emitting Diodes with External Quantum Efficiency Exceeding 20 Per
Cent. Nature 2018, 562, 245—248.

(3) Miao, J; Zhang, F. Recent Progress on Highly Sensitive
Perovskite Photodetectors. J. Mater. Chem. C 2019, 7, 1741—1791.

(4) Wei, H; Huang, J. Halide Lead Perovskites for Ionizing
Radiation Detection. Nat. Commun. 2019, 10, No. 1066.

(5) Sytnyk, M.; Deumel, S.; Tedde, S. F.; Matt, G. J.; Heiss, W. A
Perspective on the Bright Future of Metal Halide Perovskites for X-
Ray Detection. Appl. Phys. Lett. 2019, 115, No. 190501.

(6) Shrestha, S.; Fischer, R;; Matt, G. J.; Feldner, P.; Michel, T.;
Osvet, A.; Levchuk, L; Merle, B.; Golkar, S.; Chen, H,; et al. High-
Performance Direct Conversion X-Ray Detectors Based on Sintered
Hybrid Lead Triiodide Perovskite Wafers. Nat. Photon. 2017, 11,
436—440.

(7) Deumel, S.; van Breemen, A.; Gelinck, G.; Peeters, B.; Maas, J.;
Verbeek, R.; Shanmugam, S.; Akkerman, H.; Meulenkamp, E,;
Huerdler, J. E.; et al. High-Sensitivity High-Resolution X-Ray Imaging
with Soft-Sintered Metal Halide Perovskites. Nat. Electron. 2021, 4,
681—688.

(8) Hu, M;; Jia, S.; Liu, Y.; Cui, J.; Zhang, Y.; Su, H.; Cao, S.; Mo, L.;
Chu, D.; Zhao, G.; et al. Large and Dense Organic—Inorganic Hybrid
Perovskite CH3;NH;Pbl; Wafer Fabricated by One-Step Reactive
Direct Wafer Production with High X-ray Sensitivity. ACS Appl.
Mater. Interfaces 2020, 12, 16592—16600.

9) Yang, B.; Pan, W.; Wu, H.; Niy, G.; Yuan, ].-H.; Xue, K.-H.; Yin,
L.; Dy, X;; Miao, X.-S.; Yang, X.; et al. Heteroepitaxial Passivation of
Cs,AgBiBrs Wafers with Suppressed Ionic Migration for X-Ray
Imaging. Nat. Commun. 2019, 10, No. 1989.

(10) Tie, S.; Zhao, W.; Xin, D.; Zhang, M.; Long, J.; Chen, Q.
Zheng, X.; Zhu, J.; Zhang, W.-H. Robust Fabrication of Hybrid Lead-

Free Perovskite Pellets for Stable X-Ray Detectors with Low
Detection Limit. Adv. Mater. 2020, 32, No. 2001981.

(11) Hong, Z,; Tan, D; John, R. A;; Tay, Y. K. E; Ho, Y. K. T;
Zhao, X; Sum, T. C.; Mathews, N.; Garcia, F.; Soo, H. S. Completely
Solvent-Free Protocols to Access Phase-Pure, Metastable Metal
Halide Perovskites and Functional Photodetectors from the Precursor
Salts. iScience 2019, 16, 312—325.

(12) Li, M,; Li, H; Li, W; Li, B;; Lu, T.; Feng, X.; Guo, C.; Zhang,
H.; Wei, H.; Yang, B. Oriented 2D Perovskite Wafers for Anisotropic
X-Ray Detection through a Fast Tableting Strategy. Adv. Mater. 2022,
34, No. 2108020.

(13) Leupold, N.; Panzer, F. Recent Advances and Perspectives on
Powder-Based Halide Perovskite Film Processing. Adv. Funct. Mater.
2021, 31, No. 2007350.

(14) Ramming, P.; Leupold, N.; Schétz, K; Kohler, A.; Moos, R.;
Griininger, H.; Panzer, F. Suppressed Ion Migration in Powder-Based
Perovskite Thick Films Using an Ionic Liquid. . Mater. Chem. C
2021, 9, 11827—11837.

(15) Witt, C.; Schmid, A;; Leupold, N.; Schultz, M.; Hécker, J;
Baumann, A,; Moos, R.; Panzer, F. Impact of Pressure and
Temperature on the Compaction Dynamics and Layer Properties of
Powder-Pressed Methylammonium Lead Halide Thick Films. ACS
Appl. Electron. Mater. 2020, 2, 2619—2628.

(16) Xiao, J.; Yang, Y.; Xu, X; Shi, J.; Zhu, L.; Lv, S.;; Wy, H.; Luo,
Y,; Li, D;; Meng, Q. Pressure-Assisted CH;NH;Pbl; Morphology
Reconstruction to Improve the High Performance of Perovskite Solar
Cells. J. Mater. Chem. A 2015, 3, 5289—5293.

(17) Pourdavoud, N.; Haeger, T.; Mayer, A; Cegielski, P. J;
Giesecke, A. L.; Heiderhoff, R.; Olthof, S.; Zaefferer, S.; Shutsko, L;
Henkel, A.; et al. Room-Temperature Stimulated Emission and Lasing
in Recrystallized Cesium Lead Bromide Perovskite Thin Films. Adv.
Mater. 2019, 31, No. 1903717.

(18) Mayer, A,; Buchmiiller, M.; Wang, S.; Steinberg, C.;
Papenheim, M.; Scheer, H.-C.; Pourdavoud, N.; Haeger, T.; Ried],
T. Thermal Nanoimprint to Improve the Morphology of MAPbX3
(MA = Methylammonium, X = I or Br). J. Vac. Sci. Technol. B 2017,
35, No. 06G803.

(19) Carter, C. B.; Norton, M. G. Ceramic Materials - Science and
Engineering, 2nd ed.; Springer Science+Business Media: New York,
2013.

(20) Prochowicz, D.; Franckevitius, M.; Cieslak, A. M.;
Zakeeruddin, S. M.; Gritzel, M.; Lewinski, J. Mechanosynthesis of
the Hybrid Perovskite CH;NH;Pbl;: Characterization and the
Corresponding Solar Cell Efficiency. J. Mater. Chem. A 2015, 3,
20772-20777.

(21) Bonomi, S.; Armenise, V.; Accorsi, G.; Colella, S.; Rizzo, A.;
Fracassi, F.; Malavasi, L.; Listorti, A. The Effect of Extended Ball-
Milling upon Three-Dimensional and Two-Dimensional Perovskite
Crystals Properties. Appl. Sci. 2020, 10, 4775.

(22) Manukyan, K. V.; Yeghishyan, A. V.; Moskovskikh, D. O.;
Kapaldo, J.; Mintairov, A,; Mukasyan, A. S. Mechanochemical
Synthesis of Methylammonium Lead Iodide Perovskite. J. Mater.
Sci. 2016, 51, 9123—9130.

(23) Leupold, N.; Schétz, K.; Cacovich, S.; Bauer, L; Schultz, M.;
Daubinger, M.; Kaiser, L.; Rebai, A.; Rousset, J.; Kohler, A.; et al.
High Versatility and Stability of Mechanochemically Synthesized
Halide Perovskite Powders for Optoelectronic Devices. ACS Appl.
Mater. Interfaces 2019, 11, 30259—30268.

(24) Nejand, B. A,; Gharibzadeh, S.; Ahmadi, V.; Shahverdi, H. R.
Novel Solvent-Free Perovskite Deposition in Fabrication of Normal
and Inverted Architectures of Perovskite Solar Cells. Sci. Rep. 2016, 6,
No. 33649.

(25) Lépez, C. A; Abia, C.; Rodrigues, J. E.; Serrano-Sénchez, F.;
Nemes, N. M.; Martinez, ]J. L.; Fernandez-Diaz, M. T.; Biskup, N;
Alvarez-Galvdn, C.; Carrascoso, F.; et al. Enhanced Stability in
CH;NH;Pbl; Hybrid Perovskite from Mechano-Chemical Synthesis:
Structural, Microstructural and Optoelectronic Characterization. Sci.
Rep. 2020, 10, No. 11228.

https://doi.org/10.1021/acs.jpcc.2c03329
J. Phys. Chem. C 2022, 126, 15424—15435

121



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(26) Sadhukhan, P.; Ghosh, D.; Sengupta, P.; Bhattacharyya, S.; Das,
S. Unraveling the Charge Transport Mechanism in Mechanochemi-
cally Processed Hybrid Perovskite Solar Cell. Langmuir 2021, 37,
5513—5S821.

(27) Rhodes, W. H. Agglomerate and Particle Size Effects on
Sintering Yttria-Stabilized Zirconia. J. Am. Ceram. Soc. 1981, 64, 19—
22.

(28) Cai, J.; Laubernds, K.; Galasso, F. S.; Suib, S. L.; Liu, J.; Shen,
X.-F,; Begge, E,; Kunz, H. R.; Fenton, J. M. Preparation Method and
Cation Dopant Effects on the Particle Size and Properties of BaCeO;
Perovskites. J. Am. Ceram. Soc. 2008, 88, 2729—2735.

(29) Liy, J; De, Lo. D. P. Particle Rearrangement during Powder
Compaction. Metall. Mater. Trans. A 2001, 32, 3117—-3124.

(30) Nisr, C.; Ribérik, G.; Ungar, T.; Vaughan, G. B. M.; Cordier, P.;
Merkel, S. High Resolution Three-Dimensional X-Ray Diffraction
Study of Dislocations in Grains of MgGeO; Post-Perovskite at 90
GPa. J. Geophys. Res. 2012, 117, No. B03201.

(31) Chen, Y; Lei, Y.; Li, Y.; Yu, Y;; Cai, J.; Chiu, M.-H.; Rao, R;;
Gu, Y.; Wang, C.; Choi, W.; et al. Strain Engineering and Epitaxial
Stabilization of Halide Perovskites. Nature 2020, 577, 209—2135.

(32) Moloney, E. G.; Yeddu, V.; Saidaminov, M. L Strain
Engineering in Halide Perovskites. ACS Mater. Lett. 2020, 2, 1495—
1508.

(33) Zhang, K; Alexandrov, I. V.; Kilmametov, A. R.; Valiev, R. Z.;
Lu, K. The Crystallite-Size Dependence of Structural Parameters in
Pure Ultrafine-Grained Copper. J. Phys. D: Appl. Phys. 1997, 30,
3008—-3015.

(34) Mayer, A.; Haeger, T.; Runkel, M.; Staabs, J.; Rond, J.; van gen
Hassend, F.; Gorrn, P; Riedl, T.; Scheer, H.-C. Direct Patterning of
Methylammonium Lead Bromide Perovskites by Thermal Imprint.
Appl. Phys. A 2022, 128, 399.

(35) Nordstrém, J.; Klevan, I; Alderborn, G. A Particle Rearrange-
ment Index Based on the Kawakita Powder Compression Equation. J.
Pharm. Sci. 2009, 98, 1053—1063.

(36) Crothers, T. W.; Milot, R. L.; Patel, J. B.; Parrott, E. S.; Schlipf,
J; Miiller-Buschbaum, P.; Johnston, M. B.; Herz, L. M. Photon
Reabsorption Masks Intrinsic Bimolecular Charge-Carrier Recombi-
nation in CH;NH;Pbl; Perovskite. Nano Lett. 2017, 17, 5782—5789.

(37) Herz, L. M. Charge-Carrier Dynamics in Organic-Inorganic
Metal Halide Perovskites. Annu. Rev. Phys. Chem. 2016, 67, 65—89.

(38) D’Innocenzo, V.; Srimath Kandada, A. R; De Bastiani, M,;
Gandini, M.; Petrozza, A. Tuning the Light Emission Properties by
Band Gap Engineering in Hybrid Lead Halide Perovskite. J. Am.
Ceram. Soc. 2014, 136, 17730—17733.

(39) Scajev, P.; Aleksiejunas, Rn.; Miasojedovas, S.; Nargelas, S.;
Inoue, M.; Qin, C.; Matsushima, T.; Adachi, C.; JurSénas, S. Two
Regimes of Carrier Diffusion in Vapor-Deposited Lead-Halide
Perovskites. J. Phys. Chem. C 2017, 121, 21600—21609.

(40) Scajev, P.; Qin, C.; Aleksiejunas, Rn.; Baronas, P.;
Miasojedovas, S.; Fujihara, T.; Matsushima, T.; Adachi, C,;
Jursénas, S. Diffusion Enhancement in Highly Excited MAPbI;
Perovskite Layers with Additives. J. Phys. Chem. Lett. 2018, 9,
3167—-3172.

(41) Adhyaksa, G. W. P.; Veldhuizen, L. W.; Kuang, Y.; Brittman, S.;
Schropp, R. E. L; Garnett, E. C. Carrier Diffusion Lengths in Hybrid
Perovskites: Processing, Composition, Aging, and Surface Passivation
Effects. Chem. Mater. 2016, 28, 5259—5263.

(42) Becker, M.; Wark, M. Controlling the Crystallization and Grain
Size of Sequentially Deposited Planar Perovskite Films via the
Permittivity of the Conversion Solution. Org. Electron. 2017, 50, 87—
93.

(43) Panzer, F.; Baderschneider, S.; Gujar, T. P.; Unger, T.; Bagnich,
S.; Jakoby, M.; Bissler, H.; Hiittner, S.; Kohler, J.; Moos, R.; et al.
Reversible Laser-Induced Amplified Spontaneous Emission from
Coexisting Tetragonal and Orthorhombic Phases in Hybrid Lead
Halide Perovskites. Adv. Opt. Mater. 2016, 4, 917—928.

(44) Yamada, Y.; Nakamura, T.; Endo, M.; Wakamiya, A;
Kanemitsu, Y. Near-Band-Edge Optical Responses of Solution-
Processed Organic—Inorganic Hybrid Perovskite CH;NH;Pbl; on

122

Mesoporous TiO, Electrodes. Appl. Phys. Express 2014, 7,
No. 032302.

(45) Schotz, K.; Askar, A. M.; Peng, W.; Seeberger, D.; Gujar, T. P.;
Thelakkat, M.; Kohler, A.; Huettner, S.; Bakr, O. M.; Shankar, K;
Panzer, F. Double Peak Emission in Lead Halide Perovskites by Self-
Absorption. J. Mater. Chem. C 2020, 8, 2289—2300.

(46) Patel, J. B.; Wright, A. D.; Lohmann, K. B.; Peng, K; Xia, C. Q.;
Ball, J. M.; Noel, N. K; Crothers, T. W.; Wong-Leung, J.; Snaith, H.
J.; et al. Light Absorption and Recycling in Hybrid Metal Halide
Perovskite Photovoltaic Devices. Adv. Energy Mater. 2020, 10,
No. 1903653.

(47) Fassl, P.; Lami, V.; Berger, F. J,; Falk, L. M.; Zaumseil, J;
Richards, B. S.; Howard, L. A.; Vaynzof, Y.; Paetzold, U. W. Revealing
the Internal Luminescence Quantum Efficiency of Perovskite Films
via Accurate Quantification of Photon Recycling. Matter 2021, 4,
1391-1412.

(48) van der Pol, T. P. A; Datta, K.; Wienk, M. M.; Janssen, R. A. J.
The Intrinsic Photoluminescence Spectrum of Perovskite Films. Adv.
Opt. Mater. 2022, No. 2102557.

(49) Ledinsky, M.; Schénfeldova, T.; Holovsky, J.; Aydin, E.;
Hijkova, Z.; Landova, L.; Neykova, N.; Fejfar, A.; De Wolf, S.
Temperature Dependence of the Urbach Energy in Lead Iodide
Perovskites. J. Phys. Chem. Lett. 2019, 10, 1368—1373.

(50) Schotz, K.; Askar, A. M.; Kohler, A; Shankar, K.; Panzer, F.
Investigating the Tetragonal-to-Orthorhombic Phase Transition of
Methylammonium Lead Iodide Single Crystals by Detailed Photo-
luminescence Analysis. Adv. Opt. Mater. 2020, 8, No. 2000455.

(51) Frohna, K.; Anaya, M.; Macpherson, S.; Sung, J.; Doherty, T. A.
S.; Chiang, Y.-H.; Winchester, A. J; Orr, K. W. P,; Parker, J. E,;
Quinn, P. D; et al. Nanoscale Chemical Heterogeneity Dominates the
Optoelectronic Response of Alloyed Perovskite Solar Cells. Nat.
Nanotechnol. 2022, 17, 190—196.

(52) Mehdizadeh-Rad, H.; Singh, J. Influence of Urbach Energy,
Temperature, and Longitudinal Position in the Active Layer on
Carrier Diffusion Length in Perovskite Solar Cells. Chemphyschem
2019, 20, 2712—2717.

(53) Stoeckel, M.-A.; Gobbi, M.; Bonacchi, S.; Liscio, F.; Ferlauto,
L.; Orgiu, E.; Samori, P. Reversible, Fast, and Wide-Range Oxygen
Sensor Based on Nanostructured Organometal Halide Perovskite.
Adv. Mater. 2017, 29, No. 1702469.

(54) Haque, M. A; Syed, A.; Akhtar, F. H,; Shevate, R; Singh, S.;
Peinemann, K.-V,; Baran, D.; Wu, T. Giant Humidity Effect on
Hybrid Halide Perovskite Microstripes: Reversibility and Sensing
Mechanism. ACS Appl. Mater. Interfaces 2019, 11, 29821—29829.

(55) Zhao, X.; Sun, Y; Liu, S;; Chen, G.; Chen, P.; Wang, J.; Cao,
W.; Wang, C. Humidity Sensitivity Behavior of CH;NH,PbI;
Perovskite. Nanomaterials 2022, 12, 523.

(56) Kim, G. Y.; Senocrate, A.; Yang, T.-Y.; Gregori, G.; Gritzel, M.;
Maier, J. Large Tunable Photoeffect on Ion Conduction in Halide
Perovskites and Implications for Photodecomposition. Nat. Mater.
2018, 17, 445—449.

(57) Kwon, K. C.; Hong, K; Van Le, Q.; Lee, S. Y.; Choj, J.; Kim,
K.-B.; Kim, S. Y.; Jang, H. W. Inhibition of Ion Migration for Reliable
Operation of Organolead Halide Perovskite-Based Metal/Semi-
conductor/Metal Broadband Photodetectors. Adv. Funct. Mater.
2016, 26, 4213—4222.

(58) Zhang, T.; Hu, C.; Yang, S. Ion Migration: A “Double-Edged
Sword” for Halide-Perovskite-Based Electronic Devices. Small
Methods 2020, 4, No. 1900552.

(59) Shao, Y.; Fang, Y.; Li, T.; Wang, Q;; Dong, Q.; Deng, Y.; Yuan,
Y; Wei, H; Wang, M;; Gruverman, A,; et al. Grain Boundary
Dominated Ion Migration in Polycrystalline Organic—Inorganic
Halide Perovskite Films. Energy Environ. Sci. 2016, 9, 1752—1759.

(60) Futscher, M. H.; Lee, J. M;; McGovern, L.; Muscarella, L. A;
Wang, T.; Haider, M. I; Fakharuddin, A.; Schmidt-Mende, L.; Ehrler,
B. Quantification of Ion Migration in CH;NH;Pbl; Perovskite Solar
Cells by Transient Capacitance Measurements. Mater. Horiz. 2019, 6,
1497—-1503.

https://doi.org/10.1021/acs.jpcc.2c03329
J. Phys. Chem. C 2022, 126, 15424—15435



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(61) Tammireddy, S.; Reichert, S.; An, Q.; Taylor, A. D; Ji, R;
Paulus, F.; Vaynzof, Y.; Deibel, C. Temperature-Dependent Ionic
Conductivity and Properties of Iodine-Related Defects in Metal
Halide Perovskites. ACS Energy Lett. 2022, 7, 310—319.

(62) Leupold, N.; Seibel, A. L; Moos, R; Panzer, F. Electrical
Conductivity of Halide Perovskites Follows Expectations from
Classical Defect Chemistry. Eur. J. Inorg. Chem. 2021, 2021, 2882—
2889.

(63) Park, J.-S.; Calbo, J.; Jung, Y.-K;; Whalley, L. D.; Walsh, A.
Accumulation of Deep Traps at Grain Boundaries in Halide
Perovskites. ACS Energy Lett. 2019, 4, 1321—1327.

(64) Phung, N.; Al-Ashouri, A.; Meloni, S.; Mattoni, A.; Albrecht, S.;
Unger, E. L.; Merdasa, A.; Abate, A. The Role of Grain Boundaries on
Ionic Defect Migration in Metal Halide Perovskites. Adv. Energy
Mater. 2020, 10, No. 190373S.

(65) Tan, S.; Yavuz, I; De Marco, N.; Huang, T.; Lee, S.-J.; Choi, C.
S; Wang, M,; Nuryyeva, S.; Wang, R; Zhao, Y,; et al. Steric
Impediment of Ion Migration Contributes to Improved Operational
Stability of Perovskite Solar Cells. Adv. Mater. 2020, 32, No. 1906995.

(66) Zhou, W.; Gu, J.; Yang, Z.; Wang, M.; Zhao, Q. Basis and
Effects of Ion Migration on Photovoltaic Performance of Perovskite
Solar Cells. J. Phys. D: Appl. Phys. 2020, 54, No. 063001.

15435

D Recommended by ACS

Nanoscale Visualization of Photodegradation Dynamics of
MAPDI, Perovskite Films

Nikita A. Emelianov, Pavel A. Troshin, et al.
MARCH 22,2022

THE JOURNAL OF PHYSICAL CHEMISTRY LETTERS READ =

Fast Polaron Formation and Low Carrier Mobility in Defect-
Free Polyhedral CsPbBr, Perovskite Nanocrystals

Kaliyamoorthy Justice Babu, Hirendra N. Ghosh, et al.
FEBRUARY 22, 2022

ACS PHOTONICS READ &

Dynamics of Antisolvent Processed Hybrid Metal Halide
Perovskites Studied by In Situ Photoluminescence and Its
Influence on Optoelectronic Properties

Tze-Bin Song, Carolin M. Sutter-Fella, et al.
FEBRUARY 13,2020

ACS APPLIED ENERGY MATERIALS READ &'

Influence of Additives on the In Situ Crystallization
Dynamics of Methyl Ammonium Lead Halide Perovskites

Edwin Pineda De La O, Alan D. F. Dunbar, et al.
FEBRUARY 02, 2021

ACS APPLIED ENERGY MATERIALS READ [

Get More Suggestions >

https://doi.org/10.1021/acs.jpcc.2c03329
J. Phys. Chem. C 2022, 126, 15424—15435

123



124

Supporting Information to

How the Miicrostructure of MAPbI; Powder Impacts Pressure-

Induced Compaction and Optoelectronic Thick-Film Properties

Christina Witt!, Nico Leupold?, Philipp Ramming?!, Konstantin Schétz!, Ralf Moos?, Fabian

Panzer!*

1Soft Matter Optoelectronics, University of Bayreuth, Bayreuth 95440, Germany

2 Department of Functional Materials, University of Bayreuth, Bayreuth 95440, Germany

Corresponding Author:

*E-Mail: fabian.panzer@uni-bayreuth.de

Keywords: halide perovskites, methylammonium lead iodide, mechanochemical synthesis,

pressing, pellets, plastic deformation, X-ray detectors

S1



1. Precursor preparation

Raw

Milled

Enlarged

Figure S1: SEM images of the differently pre-treated precursors MAI and Pbl, used for the
preparation of MAPbI; powder by mechanochemical synthesis: (a) “Raw MAI”. (b) “Raw Pbl,”. (c)
“Milled MALI”. (d) “Milled Pbl,”. (e) “Enlarged MAI”.
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Source Powder ~ MAI/mmol  Pbl,/mmol  MAI:Pbl,

“Small” 9.75 9.76 1.00
“Medium*” 9.75 9.78 1.00
“Large” 8.61 8.52 1.01

Table S1: Amounts of precursors MAI and Pbl, and the ratio of precursors used for manufacturing

MAPDI; powder with small, medium and large powder particle sizes by mechanochemical synthesis.

To prepare the MAI precursor powders, first 28.8 mL of methylamine (33 wt% in ethanol,
Sigma Aldrich) were dissolved in 170 mL of ethanol under argon atmosphere. The solution was
then cooled using anice bath and 16 mL of HI (57 wt% in H20, Alfa Aesar) were added dropwise
within 30 minutes of stirring. Stirring of the solution was continued overnight. Then the
solvent was removed using a rotary evaporator and the remaining powder was washed with
an ether-ethanol mixture. Finally, the powder was redissolved in ethanol and ether was
dropped into the concentrated solution of MAI and ethanol for the crystallization to the final
white MAI precursor powder. In this last process, the dropping rate of the ether into the
concentrated solution of MAI and ethanol affects the size of the resulting MAI structures. For
the MAI powder prepared by the standard procedure ("Raw MAI", Figure S1a), about 1 minute
was taken for the ether to drop into the concentrated solution of MAI and ethanol. For the
preparation of the MAI powder with larger crystals ("Enlarged MAI", Figure Sle), the time for
dropping the ether in was increased to about 5-10 minutes.

The Pbl; precursor powder was purchased from TClI (99.99% purity, "Raw Pbl,", Figure S1b).
To obtain precursor powder with smaller particle size ("Milled Pbl,", Figure S1d), 18.5 g of the
"Raw Pbl," precursor powder were milled in the planetary ball mill for a total milling time of
30 min.

To obtain "Milled MAI" (Figure S1c), 5.5 g of the "Raw MAI" precursor powder were milled for

30 min in the planetary ball mill.
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2. Mechanochemical synthesis of MAPbIz: powders

10

o
I3
T
(002)
(110) |

(112)
(020)

' Raw MAI/ Raw Pbl, ]

NS
She 1

(231)

+ (004)
—
(220)

= o

o o

" | "
Enlarged MAI / Milled Pbl, ]

T

J ,1':

Normalized Intensity
o O
o O 6]

L

i
l
|

M

illed MAI / Milled Pbl, -

o
6]
T
| =

o
o

.

10 15 20 25 30
201°

35 40 45

Figure S2: XRD patterns of MAPbI; powders manufactured via mechanochemical synthesis using
different MAI and Pbl, precursor powders with reflexes indexed (top).

The MAPbI; powders were manufactured from the precursor powders MAI and Pbl, under

ambient conditions via mechanochemical synthesis. For the powders with small and medium

particle sizes (Figure S3a,b) 1.55 g MAI and 4.5 g Pbl, were placed in a 80 mL ZrO; milling jar

together with 5 mL cyclohexane as milling agent and 25 ZrO; milling balls with a diameter of

10 mm. For the milling process, a Fritsch "Pulverisette 5/4" planetary ball mill with 400 rpm

was used. After 5 min of milling, a break of 20 min was taken to prevent the milling jar from

becoming too hot as a result of rotation and friction. This procedure was repeated until a total

milling time of 25 min was reached. For the powder with large particle sizes (Figure S3c) 1.37 g

MAI and 4 g Pbl, were used. After the milling process was completed, the cyclohexane was

evaporated to obtain the final black MAPbIs powder.
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=P &= thickness of sintered connections

Figure S3: SEM images of the three different MAPbI; powders with (a) small, (b) medium and (c)
large powder particle sizes showing agglomerates. Higher magnification SEM images of the MAPbI;
powders with (d) small, (e) medium and (f) large powder particle sizes with thickness of sintered
connections indicated by red arrows.

Determination of powder particle size: We considered SEM images with suitable magnification and
highlighted the particle boundaries with a marker. Then the images were digitalized and the area of
every single particle was determined using the Software imagel. From the particle area, an
equivalent diameter of a circle was calculated and considered as particle size. For the powder “Small”

185, for “Medium” 91, and for “Large” 147 particles were used to calculate the mean diameter and

standard deviation.
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3. Pellet pressing — Pressure relaxation analyses
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Figure S4: (a) Pressure difference AP of the pressure readjustments shown in (b) to maintain the
target pressure level of 25 MPa as a function of consecutive pressure relaxations for MAPbI; powders
with small (green squares), medium (blue dots) and large (red triangles) powder particle sizes. (b)
Temporal evolution of the applied pressure during pressing of MAPbI; powders with small (top),
medium (middle) and large (bottom) powder particle sizes at a target pressure level of 25 MPa. (c)
Pressure relaxations from (b), shown normalized and with their maximum value at time zero for
pressed MAPbI; powders with small (top), medium (middle) and large (bottom) powder particle

sizes.

For pressing powders to pellets a home-built mechanical press was used (illustration in Figure
2b in the main text). By means of a handle mounted on a threaded rod, the press punch can

be moved down onto the pressing tool in order to apply a pressure. The circular pressing tool
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from Maassen with a diameter of 13 mm is placed on a carrier shell under which pressure
sensors are mounted to record the applied pressure. The pressing tool contains two polished
carbide KXF pressing plates to ensure a good quality of the pressed pellets. Free-standing
pellets with thicknesses between about 0.83 mm and 0.95 mm were pressed from 0.4 g
MAPbIs powder respectively. Pellet batches at room temperature with 160 min pressing time
at a target pressure level of 25 MPa as well as with 20 min pressing time at a target pressure

level of 100 MPa were produced for this work.
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Figure S5: Analyses of the amplitude ratio extracted from the fits of the pressure relaxations
according to eq. 1 in the main text for MAPbI; powders with small (green squares), medium (blue
dots) and large (red triangles) powder particle sizes: (a) Pressure difference of the pressure
readjustments (top), amplitude ratio Ae/(Are+Asn) (middle) and Are/(AetAqh) + AP (bottom) as a
function of consecutive pressure relaxations. (b) AP corrected amplitude ratio Ae/(Are+Asn) - AP as
a function of pressing time for one MAPbI; powder batch pressed with four different target pressures
of 25 MPa (black diamond), 50 MPa (red hexagon), 75 MPa (blue triangle) and 100 MPa (yellow
triangle) (top) and for MAPbI; powders with small (green squares), medium (blue dots) and large

(red triangles) powder particle sizes pressed with 25 MPa (bottom).

The amplitude ratio Are/(Aret+Ash) (Figure S5a middle) extracted from the fits of the pressure
relaxations according to eq. 1 in the main text is modulated by the pressure difference AP of
the pressure readjustments (Figure S5a top). A correction of this modulation (Are/(Aret+Ash) -

AP, Figure S5a bottom) is necessary to derive reliable information from the amplitude ratios.
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Furthermore, to analyze the role of the individual compaction processes, a plot of the
corrected amplitude ratio as a function of pressing time is of interest, since the importance of
the individual compaction processes changes with pressing time (see Section 3.2 in the main
text). To gain a better understanding of the compaction processes from the amplitude ratio,
Figure S5b (top) shows the corrected amplitude ratio of a MAPbIs powder batch pressed with
different target pressures of 25 MPa, 50 MPa, 75 MPa and 100 MPa. The decrease of the
corrected amplitude ratio with pressing time at a pressing pressure of 25 MPa is significantly
lower than at the other pressing pressures > 50 MPa. This indicates less plastic deformation
and / or crushing processes at pressures below 50 MPa and is in line with the results from our
previous work.! The corrected amplitude ratios of the three different MAPbl3 powders
“Small”, “Medium” and “Large” pressed at 25 MPa fit well to the values of the reference batch

pressed at 25 MPa (see Figure S5b bottom).
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Figure S6: Temporal evolution of the applied pressure during pressing of the MAPbI; powder with

small powder particle sizes at a target pressure level of 100 MPa.

At the beginning of the pressing process of the 100 MPa pellets, the pressure was increased
following a linear pressure increase ramp with a rate of 6.67 MPa/min until the target pressure
level was reached. Then, similar to the 25 MPa pellets (see Figure S4b), the target pressure
level was maintained by readjusting the pressure as soon as the pressure value fell below 100

MPa. After the target pressure level was maintained for 20 min, the pressure was removed.

In contrast to the 25 MPa pellets (see Figure S4b), where the pressure was directly adjusted
to the target pressure level, a pressure increase ramp was used for the 100 MPa pellets to

ensure a smooth and successful pellet formation without cracking.
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4. Additional pellet morphology analyses
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Figure S7: XRD patterns showing the (004) and (220) MAPbI; reflexes of powders and pellets pressed
from them at a target pressure level of 25 MPa and 100 MPa for MAPbI; powders with small (top),

medium (middle) and large (bottom) powder particle sizes.

Matching the XRD pattern of the powder “Large”, all other XRD patterns were shifted along
the x-axis to compensate for deviations owing to e.g., the measurement-related height error

due to specimen surface displacement.?

We used the Rietveld refinement method to extract crystallite sizes and microstrain from the
XRD patterns of all powders and pellets (see exemplary fits in Figure S8 and fit results in Table
1 in the main text). To determine the error range of crystallite size and microstrain, we
considered the XRD-pattern that was measured for each sample. By varying the FWHM, while
maintaining a satisfying fit quality, we considered the change in resulting crystallite size and

microstrain values to estimate the error range.
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Figure S9: Relative density (top) and surface roughness Sz (bottom) of pellets pressed at 100 MPa
target pressure level using MAPbI; powders with small (green squares), medium (blue dots) and

large (red triangles) powder particle sizes.

The pellet properties density and surface roughness of the 100 MPa pellets were determined
similar to the 25 MPa pellets (see Figure 4d,e) and are shown in Figure S9. The relative density
of the pressed pellets was calculated based on the pellet area, the pellet mass, and the pellet
thickness taking into account the density of a MAPbls single crystal (4.159 g/cm?3).! The pellet
area defined by the pressing tool used was 1.327 cm?, the pellet mass was determined with a
laboratory balance, and the pellet thickness was measured using a micrometer screw. The
relative density of the 100 MPa pellets made from the powders “Small”, “Medium” and
“Large” in Figure S9 (top) is the same for all three pellets within the experimental error.
Moreover, the relative density of the 100 MPa pellets with an average of ~0.84 is clearly above
the relative densities of the 25 MPa pellets (< 0.80).

The surface roughness Sz (maximum height of the surface) of the pellets was determined using
a 3D laser scanning microscope ZEISS LSM 800 Mat. An area of 350 um x 350 um was measured
in the center of each side of the pellets and the mean value was determined from the
roughness of both sides. The surface roughness Sz of the 100 MPa pellets in Figure S9 (bottom)
shows the same trend as for the 25 MPa pellets, that the surface roughness increases with
particle size. However, due to the higher pressing pressure and the thus more pronounced
plastic deformation and crushing processes, the surface roughness of the 100 MPa pellets
appears to be lower (< 8.1 um) than the surface roughness of the 25 MPa pellets. This is
especially the case when using the powders “Medium” and “Large” for which the plastic
deformation is particularly pronounced during pressing (according to Section 3.3 in the main

text).
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5. Analyses of optoelectronic properties

Since the pellets have to be contacted for the electrical measurements, i.e., electrodes have
to be applied, smooth pellet surfaces are necessary. Considering the pellet surface properties
of the pellets pressed at 25 MPa in Figure 4a-c,e, we used the pellets produced at 100 MPa

(see Figure S9) for the optoelectronic investigations.
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Figure S10: Time-resolved PL curves for 100 MPa pellets made from MAPbI; powders with small
(green), medium (blue) and large (red) powder particle sizes: (a) Normalized time-resolved PL curves
and corresponding fits according to eq. 2 in the main text (gray dotted lines). (b) Section from (a),
showing in detail the first part of the PL decays. (c), (d) Normalized time-resolved PL curves and
corresponding fits according to eq. 2 in the main text using the calculated charge carrier density (no,

=1.86 x 10'® cm, see orange dotted lines) and a higher charge carrier density (see gray dotted lines).

The time-resolved PL curves of 100 MPa pellets in Figure 5a and S10a,b were fitted using eq.
2 in the main text according to the ABC model.? For the application of eq. 2 it is assumed that
electron and hole density are equal.>* In eq. 2 k1 is the rate constant for monomolecular (non-
radiative) recombination, k; is the rate constant for bimolecular (radiative) recombination and

ks is the rate constant for Auger (non-radiative) recombination. Charge carrier diffusion is
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taken into account in the last term of eq. 2 with the diffusion constant D and the thickness z =
1.0 um - 1.5 um, in which the charge carrier processes are assumed to be relevant.> We used
the intrinsic value of k, = 6.8 x 1071 cm3 s from the work of Crothers et al.” for the fittings of
the time-resolved PL curves to keep the fittings as simple as possible. The rate constant k3 =
1.0 x 1072 cm® s was also fixed based on the literature value according to the work of
Crothers et al.> As a starting value, the initial charge carrier density no was estimated according

to

F

no ==
Ephoton

‘a (S1)
with the laser fluence F, the energy of the exciting photons Ephoton and the absorption
coefficient a.% The calculated value of the initial charge carrier density is no,c = 1.86 x 10 cm
3, For optimum fit results, however, the calculated initial charge carrier density was allowed
to vary to a certain extent. Therefore, the initial charge carrier density used in the fits of the
time-resolved PL curves is smaller (no = 1.67 x 10® cm3) than the calculated value for the
pellet from the powder "Medium", and larger for the pellets from the powders "Small" (no =
3.25 x 107 cm3) and "Large" (no = 5.14 x 10%” cm™3).

For the pellets from the powders "Small" and "Large", in addition to the fits with variable
larger charge carrier density (gray dotted lines), analogous fits using the smaller calculated
initial charge carrier density (orange dotted lines) are shown in Figure S10c,d. The fits with the
calculated initial charge carrier density (orange dotted lines) prove that the first drop of the
time-resolved PL curves actually results from diffusion and not from the increased initial
charge carrier density. Thus, our fit results in Figure 5a and S10a,b using slightly varying initial
charge carrier densities are reliable.

A faster first drop of the time-resolved PL curves at short times indicates stronger diffusion.’
In our work, the first drop of the transient PL curves at short times is the weakest for the pellet
from the powder "Medium" and the strongest for the pellet from the powder "Large" (see
Figure S10b). This is also reflected in the diffusion constants Dmedium = 0.06 cm? 572, Dsman = 0.22
cm? s, and Diarge = 0.35 cm? s obtained by fitting eq. 2 in the main text to the time-resolved
PL curves. Both the strength of the first drop of the time-resolved PL curves and the diffusion
constant increase with increasing crystallite size. Thus, the 100 MPa pellets exhibit an

increased diffusion with increasing crystallite size.
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Figure S11: Extraction of Urbach energies from PL spectra of pellets pressed at 100 MPa target
pressure level using MAPbI; powders with small (green), medium (blue) and large (red) powder
particle sizes: (a) Normalized steady-state PL spectra with fit ranges indicated by gray dotted lines.
(b) Section from (a) with applied fits. (c) Apparent Urbach energies Ey,ap (blank squares) and

temperature-corrected Urbach energies Ey (full squares) as a function of powder particle size.

Below the bandgap, the absorption coefficient of MAPbI3 decreases exponentially with
decreasing energy. This exponential decrease is characteristic for the so-called Urbach tail
absorption, which is attributed to absorbing states due to disorder. The extent of disorder is
reflected in the slope of the Urbach tail and is described by the Urbach energy Ey.”®

It is known, that the low energy edge in the PL spectra of MAPbI3z perovskites is determined
by the shape of the absorption coefficient.?® For this reason, the Urbach energy can get
extracted from the low energy edge of PL spectra, as already done by Fassl et al.!! Therefore,

first the high energy edge (fit range indicated in Figure S11a, fits in Figure S11b) is fitted

accordingto PL(E) = ¢, - exp (— ) to extract the temperature Tapp, which is higher than

kBTapp

the measurement temperature T and is assumed to be caused by self-absorption effects.®

Next, this temperature Tapp is used to fit the low energy edge (fit range indicated in Figure

S11a, fits in Figure S11b) according to PL(E) = c; - exp (EE_—EO — %) to determine the
U,app Blapp
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apparent Urbach energy Eu,app (see blank squares in Figure S11c). Finally, the temperature-

corrected intrinsic Urbach energy Ey (full squares in Figure S11c) can be calculated according

-1
to Ey = ! +i<l— L ) 2 It is noted that in the above fit equations kg is the
Eyapp kB \T Tapp

Boltzmann constant, E is the energy, Eo is a material constant, and c1 and c; are prefactors.
Figure S11c shows that the trend of the Urbach energy increasing with powder particle size is
even more pronounced for the apparent Urbach energies than for the intrinsic Urbach

energies.
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Figure S12: (a) Impedance spectrum as Nyquist plot of a 100 MPa pellet made from MAPbI; powder

with large powder particle sizes. (b) Equivalent circuit for the fits of the impedance spectra.

For the electrical measurements, four pairs of gold electrodes were evaporated onto the pellet
surfaces using a shadow mask. The gold was deposited using a rate of 0.02 nm/s until the
desired electrode thickness of 100 nm was reached. The resulting electrode pairs formed a 1.0

mm wide channel with a distance between the electrodes of 150 um.

The measured impedance spectra (exemplarily shown for the 100 MPa pellet made from the
powder “Large” in Figure S12a) were fitted according to an equivalent circuit consisting of a
resistance in series to an RC parallel element (see sketch in Figure S12b). From the fits, the
resistance R1 of the MAPbI3 pellets was extracted.

The electrical dark conductivity ogark was calculated according to

Ogark = (R1- )71 (S2)
with the resistance R1 of the MAPbI; pellets and a simulated geometry factor f = 0.00221 m.
The geometry factor takes into account the shape of the top electrodes as well as the

dependence of the electric field distribution on the pellet thickness.
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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

Defects
detailed understanding on how small morphological changes in \j)* i%
perovskite films affect their structural and optoelectronic properties | / \Tstrain \

is still missing. Here, we investigate the influence of small
i [F |0
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Phase Transition

morphology differences (ie., increased grain size and crystallo-
graphic orientation), which are induced by hot-pressing methyl-
ammonium lead iodide (MAPbL;) thin films, on the structural Glass
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.

5K

9-15

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."” 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.”™> That is why even with polycrystalline perov-

properties in the past, 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.'*™>

Using films of the model halide perovskite methylammo-
nium lead iodide (MAPbI,), 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

skite layers, remarkably high device efficiencies are achiev-
able.5™®

However, to produce perovskite-based optoelectronic
devices with record efliciencies, 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.”~"* Various research reports
indicate that even small improvements in the morphology of
perovskites are important for further optimizing their
optoelectronic functionality.”'>~"*

Nevertheless, while various studies investigated the influence
of distinct morphology changes on the resulting device
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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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Figure 1. Morphology of CP (gray) and HP(red) MAPbI; 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.

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. MAPbI; powder was synthesized
via mechanochemical synthesis using a Fritsch “Pulverisette 5/
4” planetary ball mill with 400 rpm. Therefore, 1.900 g of MAIL
powder and 5.509 g of Pbl, powder were put in a 80 mL ZrO,
milling jar together with 25 ZrO, milling balls (diameter 10
mm) and S mL of cyclohexane as the milling agent. Milling was
done for S 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.

MAPbI; thin films with an area of about 1.0 cm X 1.4 cm
were deposited onto 2 cm X 2 cm glass substrates (substrate
thickness 3 mm) via the powder aerosol deposition method
(PADM) using the mechanochemically synthesized MAPbI,
powder and a custom-made apparatus for PAD. Then, these
MAPbI, thin films were (hot-)pressed with a pressure of 25
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MPa using a homebuilt mechanical press (for details, see
Section S1).

2.2. Film Characterization. For morphology character-
ization of the MAPbI, 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 A2S5”
with Cu Ke radiation (4 = 0.15406 nm). The Kay; rays were
removed with a Ge Ka; monochromator. The instrument was
operated with 40 kV and 40 mA. Diffractograms were recorded
with a 20 step size of 0.008° in the 26 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 MAPbI;
thin films were placed in an electrically heatable continuous
flow cryostat (Oxford Instruments, Optistat CF) with an

https://doi.org/10.1021/acs.jpcc.2c08968
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automated temperature controller (Oxford Instruments
ITCS03S), and the temperature was regulated between 300
and S 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 MAPbI; 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 MAPbI, 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/cm® An Olympus objective (4X 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 ym 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 MAPbDI; 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 MAPDI; 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
MAPDI; 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 MAPbI; films by PADM
results in polycrystalline film morphologies,”**** while
pressing polycrystalline halide perovskite films increases the
degree of orientation and grain size, especially when the
pressing process proceeds at an elevated temperature.'**
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 ym were obtained (see Figure S3a
for the cross-sectional SEM image). Top-view SEM images in
Figure la,b show an average grain size of (150 + 75) nm for
the CP film and (220 + 110) nm for the HP film (see Figure
lc and Section S1 for details of grain size analysis).
Furthermore, less and narrower grain boundaries can be
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observed for the HP in contrast to the CP film (Figure la,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 Rayp = 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 MAPbI, thin films.**™*

To investigate whether the increase in grain size is also
accompanied by an increase in MAPDI; crystallite size, we
measured XRD patterns of the HP and CP films. Figure 1f
shows corresponding normalized XRD patterns in the 20 range
between 13.7 and 28.8°, which contain the reflex pairs 002,
110 and 004, 220 of MAPbI; in its tetragonal crystal
structure.’® 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(0) and information on the microstrain in the sample from
the width contribution changing with tan(6) (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 lab 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.”'

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 26 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 work’> 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.'* In passing, we mention that we observe small amounts
of Pbl, 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 Pb, content after hot-pressing is
also reflected in the reduction of the I/Pb ratio from 3.08

https://doi.org/10.1021/acs.jpcc.2c08968
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Figure 2. Absorption and PL spectra of MAPbI, 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.

(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 MAPbI; 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 MAPbI; 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 § K of the CP and HP samples.

When cooling and reheating a MAPbI; 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,
MAPDI; exhibits a tetragonal phase, while at temperatures
below ~160 K, it adopts an orthorhombic crystal struc-
ture.* ™

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 MAPbI; change
substantially.*** In the absorption spectra (Figure 2ab) at
170 K, an absorption edge is present for both samples at about
1.56 eV, which is associated with the tetragonal phase.”’™’
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.”” > 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 MAPbI; samples CP and HP
normalized to the PL peak at ~1.56 eV, which is associated
with PL from the tetragonal phase (see Figure SSab for
unnormalized PL spectra).***>*! Upon cooling, a second PL
peak at ~1.67 €V arises, which corresponds to PL from the
orthorhombic phase.’****' 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.*** 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 T, and the full width
at half-maximum (fwhm) with the temperature range over
which the phase transition proceeds. We find T to be higher
for HP (T_yp = 151.9 K + 0.3 K) compared to CP (T cp =
147.5 K + 0.4 K). Both values are in agreement with reported
phase transition temperatures of polycrystalline MAPDI; thin
films, which cover a range from about 145 to 160
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K3137394093795 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 fwhmyp = (11.1 + 0.8) K. These
fwhm values are in line with the corresponding value of a
solution-processed MAPDI; thin film found in a previous
work.*

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 SSc).

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 MAPbI; was
found to alter depending on the morphology of the
investigated sample. For example, decreased phase transition
temperatures were observed for MAPbI; films with smaller
grains.”*** For nanoparticles and nanocrystals, even a fully
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suppressed phase transition was reported.** 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.'”***!

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 Pbl,
content in HP (Figures S3 and S4) is not expected to induce a
significant amount of additional distortion related strain*®
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,">*”*® 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.*”*° The slope of this
Urbach tail is determined by the so-called Urbach energy Ey,
which in turn is influenced by static and dynamic disorder.*>°

Ey, 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

PL « a(E)-EZ-exp(—i]

kT (1)
where E is the photon energy, a is the absorption coeflicient,
kg is the Boltzmann constant, and T is the absolute
temperature of the sample.*****' 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.””*> Considering Urbach tail absorption and a
constant absorption above the band gap, the shape of the
absorption spectrum of MAPbI; can be satisfyingly approxi-
mated in the spectral range where PL occurs as

1

E-E

a(-57) +1 @)
with E, being a fitting constant with a value near the band gap
energy.”® Inserting eq 2 into eq 1, it follows that the high
energy edge of the PL (i.e, E > E,) is essentially determined
by exp(—E/kgT), while the low energy edge (ie., E < E,) is
E-E,  E

Es kT
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
MAPbL,.**

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 SS) 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

a(E) «

proportional to exp( ) Analysis approaches based

https://doi.org/10.1021/acs.jpcc.2c08968
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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).***** Upon
cooling, the PL spectrum shifts to lower energies and becomes
narrower.

To extract the Urbach energies from the PL spectra, we
fitted the low energy edge of the PL based on eq 1 according to

PL(E < E,) = C»exp(E;E" - i), where C is a fitting
U

kyT
parameter accounting for the PL intensity (exemplary fits in
Figure 4b). Figure 4c shows the extracted Ej, values between
300 and 160 K for both samples CP and HP. Upon cooling, E;
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 MAPb, single crystals®® and the work of Ledinsky et al.
about MAPbI, thin films.*°

As mentioned above, the Urbach energy is determined by
static disorder E{* and dynamic disorder EJ™, and its
temperature-dependence can be described by’

_1
. . (C]
Ey(T) = Ef,m + E]d]yn = Eft]“ + 2«Efltat[exp(—] - 1]

(3)

Here, E{™ is assumed to be temperature-independent. The
temperature-dependence of E{™ is described in terms of the
interaction of charge carriers with phonons in the coupled
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Einstein oscillator model with the Einstein temperature
0.%°9%¢ 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 ® = 167 K
(corresponding to a phonon energy of 14.4 meV) based on the
work of Xia et al.’” With this, we obtained Eyier = (361 =
0.03) meV for CP and Ejfp = (3.61 + 0.01) meV for HP.
These static disorder values are in very good agreement with
reported values for MAPbI, single crystals®® as well as MAPbL,
thin films, and they are remarkably low compared to classical
inorganic crystalline semiconductors (e.g, GaAs and ¢-Si).*°

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.'®*” One reason for
the identical E{* 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.”*** Addi-
tionally, lower nonradiative decay rates are typically present at
sites with lower energetic disorder.'®**%° 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,*® is not bulk-sensitive
enough to detect strain-associated energetic disorder from the
perovskite—substrate interface.”*' % 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.

https://doi.org/10.1021/acs.jpcc.2c08968
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3.2.3. Excited State Properties—Defects. Increased strain
in halide perovskite films is correlated with increased energetic
disorder,"® and increased energetic disorder in turn is related
to more defect states.'®*®?> Moreover, increased strain in
halide perovskites is known to be directly correlated with
increased non-radiative losses and defect states.'”'?*"??
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).*”*** The
extracted shifts of scp = (0.32 + 0.01) meV K™! for CP (R
~ 0.99) and syp = (0.33 + 0.01) meV K™* for HP (R* ~ 0.99)
are identical within the uncertainty of the fit. This suggests that
the additional tensile strain induced by the substrate upon
coolinglg'z*‘%‘éz‘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,*>**
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To verify the conclusion about differences in defect densities
between CP and HP, we measured fluence-dependent PL
spectra between about 40 pJ cm™ and 3400 pJ cm™2 at § K,
which are shown in the inset of Figure Sb 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).*”%° In Figure Sb, 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.”* This is in line with the lower defect
density in HP concluded from the analyses of Figure Sa.

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 Sc. Up to 0.05 us, 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,*’
which is consistent with a higher crystallinity of HP compared
to the CP film.”” 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 us (see Figure S8a). As expected from
the higher crystallinity and the slower decay at longer times of
HP, the charge carrier lifetime 7, = (51.3 % 0.4) ns of HP is
higher than the extracted charge carrier lifetime 7¢p = (47.8 +
0.6) ns of CP, again indicating less defects being present in HP
than in CP.*>7

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 Sd). From Figure Sd right panel, it appears
that the charge carrier lifetime increases with increasing
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orientation of the (110) plane parallel to the substrate, i..,
from CP to HP. We note that this increase might be promoted
by the larger grain sizes in HP. Remarkably, after a temperature
cycle (ie, cooling the sample to S 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 Sd 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 phases’” as well as by Osherov et al. for
the transition between tetragonal and orthorhombic phases.®'
By temperature-dependent XRD measurements, Osherov et al.
found these morphological changes in MAPDI; 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.>' 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 Sd). This
might be related to the quality of the grain boundaries, which is
expected to improve for a more aligned orientation of adjacent
grains.*® 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 Pbl, present in
the films due to processing and degradation.

4. CONCLUSIONS

In summary, we investigate the influence of small morphology
differences in MAPDI; thin films on phase transition, energetic
disorder, and defects by detailed PL and absorption analyses.
To this end, MAPbI; thin films are manufactured via a two-
step processing method comprising MAPbI; 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 developing””* 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
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Figure S1: Dry powder-based two-step processing method for MAPDI; thin films: (a) Film formation
via powder aerosol deposition method by using MAPbI; powder. Adapted under the terms of the
CC-BY license.! 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 MAPbI; 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 Sla. 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.,* and Akedo.>® For our work,
before deposition, the powder was dried at 120 °C for 1h. For deposition a total flow rate of
22.5 |/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 MAPDbI; 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 MAPDbI3 layer. The substrate with the MAPbI;
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 MAPbIs thin film pressed
at room temperature (CP) and a MAPbIs 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 imagel. The grain boundaries were traced with image)
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) MAPblI; 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 Pbl; reflex at 12.7°,
the films are phase pure.? 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.
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Figure S3: Morphology investigations of pressed MAPblI; 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 MAPbIs films, we
measured XPS spectra (Figure S4) of a MAPbIs 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 Il Scanning XPS Microscope (ULVAC-PHI). An area of 300 um x 300 um
in the center of the film was scanned by a microfocused Al Ka X-Ray beam (E = 1486.6 eV, 25
W, 100 um) 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 MAPDbI; film before (pristine, grey) and after hot-pressing (HP,
red).

The relevant peaks for the stoichiometry analysis of our MAPbI3 (CH3NH3Pbls) film
corresponding to 13d, N1s, C1s and Pb4f are labeled in Figure S4 (H1s cannot be detected).’
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 13d 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 | 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 Pbl; being present at the film surface of HP. This is in line with the increased

amount of Pbl, in the HP sample observed in XRD patterns.

MAPbIs film 1/ % Pb /% I:Pb
pristine 47.38 15.37 3.08
HP 40.63 14.72 2.76

Table S1: Atomic concentrations of | and Pb and resulting I:Pb ratio extracted from the XPS spectra

of a MAPDI; 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 Pbl, indicates imperfections / iodide vacancies in the film, it may be conceivable
that Pbl, leads to additional distortion related strain which further lowers the phase transition

temperature.

In a previous work about solution processed MAPbIs thin films, an increased Pbl, content was
found to correlate with decreased grain size and lower phase transition temperature,®
indicating that strain at the grain boundaries and/or Pbl, induced distortion related strain are
responsible for lower phase transition temperatures. In the current work, however, an
increased Pbl, 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, Pbl, 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 Pbl, induced distortion related strain, as
atomic-resolution LAADF micrographs of FAPblz show distortion-free transitions between
FAPbI3 and Pbl,.° Therefore, we conclude that strain at grain boundaries and thus the grain

size is mainly affecting the phase transition temperature, whereas Pbl, induced strain is

negligible and thus not relevant regarding the phase transition.
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2. PL Spectra
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Figure S5: PL spectra of MAPblI; 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.’%! PLgirect peak positions were
determined from the center of Gauss fits to the PLgirect 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. This value is in good
agreement with reported values for halide perovskites.'?3 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.21> This substrate induced tensile
strain hinders the perovskite lattice constant to decrease during cooling, resulting in a
decreased temperature-dependent PL peak shift.221* Since our PL shifts for CP and HP are

identical, we conclude that the substrate induced tensile strain is similar in both samples,

S8



which is reasonable with regard to the same substrate materials and the similar film thickness

of both samples.
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Figure S6: PL in MAPDbI; 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) lllustration of emitted PL after excitation
of a MAPDI; 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
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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 MAPblIs 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
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Figure S8: (a) TRPL curves of CP and HP MAPblI; 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) MAPbl; 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 MAPbI; unit cell with 110 (blue) and 002

(yellow) planes indicated.

(separated by cracks, see inset in Figure S8c and Figure S9a). Crystallographic reorientation in
MAPbDIs thin films due to temperature cycling through phase transitions as well as associated
fusion of grains and grain domains have already been observed earlier.151” 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 MAPbIs 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 MAPbIs thin films and
not in MAPbIz 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.t” 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.!* We suppose that similar to the morphological changes observed by
Osherov et al., morphological changes were induced in our MAPblIs 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.’
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 MAPbIs 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 MAPbIs 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.
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Figure S9: (a) Top-view SEM image of an HP MAPblI; 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 MAPblI; 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

The Urbach energy as a measure of energetic disorder is an important characteristic of
semiconductors to evaluate their optoelectronic functionality. However, discrepancies occur
in Urbach energy values Ey determined via different measurement and analysis methods, for
whose origin a profound understanding is still missing. To reliably analyze the origin of such
discrepancies we recorded quasi-simultaneously temperature-dependent absorption and
photoluminescence (PL) spectra of halide perovskite (MAPbIs) thin film and single crystal
samples. Performing profound Urbach analyses in an extended energy range down to 0.2 eV
below the bandgap, we find energy-range-dependent exaggeration effects on Urbach energy
values to be only present in the near bandgap region (~0.02 eV below the bandgap), where
non-Urbach absorption states start to contribute. Besides that, general lower Ey values and a
lower temperature-dependence of Ey are obtained from PL than from absorption, which
originates from the sensitivity of PL for sites with lower energetic disorder and/or higher
phonon energies in the excited state geometry. Thus, our work sensitizes for proper
interpretation and comparison of Ey values and with that contributes to develop a more

fundamental understanding of semiconductor materials.



1. Introduction

The Urbach energy is a popular structural characteristic representing energetic disorder in
crystalline (e.g., GaAs, Si, MAPbIs, CIGS)*? and also semi-crystalline (such as organic)
semiconductors for optoelectronic applications.3* The relevance of the Urbach energy
manifests itself in its correlation with structural and optoelectronic properties®'! and thus also
with optoelectronic functionality.? * >4 For example, the Urbach energy is related to the
minimal open-circuit-voltage deficit achievable when a semiconductor is used for solar cell
applications.'> % 12 1416 Accordingly, the Urbach energy is a valuable figure of merit,
expressing the performance potential of present and future semiconductor materials in a

single number.*

The Urbach energy of crystalline semiconductors is composed of temperature-dependent
dynamic disorder (i.e., electron-phonon interaction) and temperature-independent static
disorder (i.e., zero-point phonon energy and (deep)-defect-induced disorder).? 17-2° Thus by
determining the temperature dependence of the Urbach Energy together with appropriate
modelling one can quantify the static as well as dynamic disorder of an investigated

semiconductor.17-18 20-21

Aviable way to access the Urbach energy is to measure the optical spectra of a semiconductor.
For example, the disorder-induced tail state absorption of a semiconductor often appears in
a characteristic exponential band edge, whose steepness is related to the inverse of the
Urbach energy.? ® 1415, 17-13,2225 Eyrthermore, the characteristic of disorder-induced tail state
absorption is also contained in the low energy edge of measured photoluminescence (PL)

spectra, as absorption and PL are related via the so-called reciprocity theorem.8 21,26

Recently, Ugur et al. highlighted discrepancies in evaluated Urbach energy values extracted
via different measurement methods (absorption, photoluminescence - PL, external quantum
efficiency - EQE, Fourier-transform photocurrent spectroscopy - FTPS, photothermal
deflection spectroscopy - PDS) and different analysis methods from similarly manufactured
halide perovskite samples (MAPbls).1* Such discrepancies in Urbach energy values have also
been observed by Ledinsky et al. when comparing temperature-dependent FTPS and PL based
Urbach energy analyses of MAPbI; films.'8 In both works, the discrepancies are assumed to
result from considering different analyzed energy ranges with different contribution of band-

to-band absorption increasing near the band edge, which causes deviations from the disorder-
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induced exponential band edge shape.'* 8 Such energy range dependent discrepancies have
also been discussed in the field of organic semiconductors (optical PDS, optical FTPS, electrical
admittance spectroscopy).> 2 However, although the Urbach energy is a popular and
important figure of merit for the performance potential of semiconductor materials, a
profound understanding of the origin of the prevailing discrepancies in Urbach energy values

is still missing.

To address this issue, in this work, we use MAPbIs films and single crystals, i.e., metal halide
perovskite samples, to investigate in depth the origin of the present discrepancies in Urbach
energy values extracted via different measurement and analysis methods. We use a home-
built setup to record temperature-dependent steady-state PL and absorption spectra quasi
simultaneously (time delay between absorption and PL measurement of only a few minutes
at a set temperature level) on the same sample. Using this approach ensures reliable sample-
and aging-independent investigations of the role of measurement and analysis methods on
extracted Urbach energies. Systematically comparing the different optical Urbach analysis
approaches, discrepancies in Urbach energy values are identified and analyzed, sensitizing for

profound interpretation and comparison of Ey values.



2. Methods

MAPDbI3 Samples:

For information about manufacturing and resulting properties of the MAPbIs thin films see
our previous work.! For analogous information for the single crystal samples, see two more
of our previous works.?- 28

Temperature-dependent Absorption and PL Measurements:

The temperature-dependent steady-state absorption and PL spectra were recorded quasi
simultaneously (within ~10 minutes at a set temperature level) from the same sample via a
homebuilt setup. For this, the MAPblz samples were inserted in an electrically heatable
continuous flow cryostat (Oxford Instruments, Optistat CF) with an automated temperature
controller (Oxford Instruments ITC503S) and the temperature was regulated from 300 K down
to 5 K. Around the phase transition between tetragonal and orthorhombic phase (~ 160 K) the
temperature steps were set smaller (data below 160 K in Supporting Information). Once a
temperature level was reached, we waited 5 minutes before starting to record spectra. A
tungsten lamp served as white-light source for the absorption measurements. The optical
density was obtained by recording transmission through the sample and a reference beam
that did not pass through the sample. To remove the 2nd diffraction order of the
spectrograph, a 630 nm long-pass filter was inserted in the optical detection path. The

absorption coefficient a was calculated from the measured optical density OD and sample

0ODIn(10)

thickness z following the Beer Lambert law a = . For recording PL spectra, a 337 nm

nitrogen laser (LTB MNL 100, 20 Hz, 102 W cm2) was used for excitation. To remove scattered
excitation light, a 400 nm long-pass filter was inserted in the optical detection path. The
transmission and reference beams measured when recording absorption spectra and the
photoluminescence of the investigated sample when recording PL spectra were focused into
a spectrograph (Andor Shamrock SR303i), respectively, and detected with a Si-CCD camera
(Andor iDus DU420a-OE). All recorded absorption and PL spectra were corrected for
transmission and detection efficiency of the utilized setup. For correction of measured PL
spectra in terms of wavelength-dependent setup sensitivity a calibration measurement was
performed by using a calibration lamp in combination with the chosen set of spectrometer
grating, filter (LP400) and appropriate center-wavelength of the PL (750 nm), from which a

correction function was determined by considering the certified spectrum of the calibration
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lamp. The measured PL spectra were all multiplied with this correction function before

analyses.
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3. Results and Discussion

3.1. Ey Extraction Methods

Aging effects as well as small differences in film morphology and thickness are known to affect
the Urbach energy.? > 20 To exclude any complicating impact of such effects on the
comparison of Urbach energies in the following, temperature-dependent steady-state
absorption and PL measurements for Urbach energy extraction were recorded quasi-
simultaneously on the same MAPbIs thin film sample (thickness ~4 um). This measuring
procedure guarantees for a reliable, sample-independent comparison of the resulting Urbach
energy values in terms of the individual measurement and analysis method (details on setup,
film manufacturing and film properties in Section 2 and Supporting Information Section S1).
In the following, the set of Urbach analysis methods applied in this work is presented for
absorption (Section 3.1.1) and PL (Section 3.1.2) spectra from 300 K down to 160 K (tetragonal
phase of MAPbIs).

3.1.1. Absorption Coefficient

A common method for Urbach energy extraction from absorption spectra is fitting the

absorption edge with an exponential function according to the so called Urbach Rule

E—E,
Ey

a(E) = ay exp( ) + D, (1)

where E represents the photon energy, Ey the Urbach energy, D an optional offset accounting

for light scattering in the data, Eo a material constant and ap a fitting parameter.? 2 15 17-19, 21-

25

Typically, Equation 1 is fitted (solid lines) to measured absorption spectra (circles), as shown
in Figure 1a between 300 K and 160 K. At 300 K, the absorption coefficient below 1.53 eV is
artificially constant, with a value of about 4.5*10% cm™ due to the influence of light scattering
on the optical density because of the transmissive setup geometry used in this study. At higher
energies, the absorption coefficient increases exponentially to about 1.7*10* cm™ at 1.62 eV,
where the absorption spectrum saturates due to limited setup sensitivity (in combination with
relatively high film thickness). The exponential absorption edge becomes steeper and shifts to

lower energies upon cooling, in line with literature reports for MAPbIs films.1® 23 29
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Correspondingly, the Urbach energy extracted using eq. 1 decreases upon cooling from ~20
meV at 300 K to ~11 meV at 160 K (Figure 1b). The decrease in Urbach energy upon cooling

stems from reduced dynamic disorder at lower temperatures.'® 23
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Figure 1: Ey extraction methods from absorption for a MAPbI; thin film: (a) Measured absorption
spectra from 300 K down to 160 K (circles) with Urbach Rule fits according to eq. 1 (solid lines) and
(b) resulting Ey values (grey squares). (c) Absorption coefficient from 300 K down to 160 K calculated
from measured PL spectra via the reciprocity theorem (eq. 2), together with Urbach Rule fits in three
different energy ranges (green, dark blue, light blue). (d) Ey values from the fits in (c) (green, dark
blue, light blue symbols) and from (b) (grey squares). (e) Absorption spectra as measured (black) and
without scattering offset (grey) at 260 K and therefrom calculated apparent Urbach energy Eu,app
(red) using eq. 3. The Urbach energy Ey is given by the horizontal part of the Ey.p, profile (indicated
by red dashed line). (f) Ey values from 300 K down to 160 K extracted via the apparent Urbach energy
(e, Figures S2-4) and from (b).



Alternatively, Ey can be extracted by fitting the Urbach Rule (eq. 1) to absorption spectra a(E)
calculated from measured PL spectra PL(E) (Figure 2) via the reciprocity theorem

PL(E)

a(E) OC—EZ-eXp<—kBLT)

(2)

(E: photon energy, ks: Boltzmann constant, T: temperature).'® 2% 2630 |n contrast to the energy
range accessible from direct absorption measurements, which are typically limited by the
scattering offset to energies above ~1.53 eV, calculated absorption spectra based on
measured PL spectra were shown to give access to lower energies (< 1.5 eV) and thus to an
enlarged energy range.'> 1% 1831 Figyre 1c shows such calculated absorption spectra between
300 K and 160 K (details in Supporting Information Section S1.1.5), where indeed the band
edge down to 1.425 eV is fully resolvable, so that an Urbach focus point at about 1.5 eV
becomes visible. The focus point is the consequence from a similar temperature-dependence
of the band gap energy and the steepness of the band edge, i.e., the Urbach energy,” 1° 32
and has been reported for a wide range of semiconductors.'? 17-1% 3336 Ahgve the focus point
the calculated absorption spectra exhibit a similar behavior as the measured absorption
spectra in Figure 1a, i.e., increasing steepness and shift to lower energies of the band-edge
upon cooling. Below the focus point the band edge shift is inverse. We fitted the Urbach Rule
(eq. 1) in three different energy ranges to the calculated absorption spectra in Figure 1c: (1)
In an upper energy range comparable to the relevant energy range from the analysis in Figure
1a (light blue), (2) in a lower energy range above the focus point (dark blue) and (3) in a low
energy range below the focus point (green). The resulting temperature-dependent Urbach
energy values in Figure 1d (light blue, dark blue and green symbols) show the expected
decrease upon cooling in line with the values extracted in Figure 1b (grey symbols). However,
differences are clearly visible in the magnitude of the extracted Urbach energies between the
different fitting ranges from Figure 1c. Fitting in an upper energy range up to about 1.6 eV,
i.e., comparable to the energy range considered in the analysis in Figure 1a, results in Urbach
energy values (light blue symbols) between 20 meV (300 K) and 10 meV (160 K), comparable
to the values from the fits in Figure 1a (grey symbols). Lowering the energy range in which the
fits of eq. 1 are applied slightly below ~1.575 eV, lowers the resulting Urbach energies (dark
blue symbols) to values between 16 meV (300 K) and 8 meV (160 K). Further lowering the

energy range substantially, i.e., below the focus point (Figure 1c green lines), results in a rather

10
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small additional reduction of Urbach energy values being in between 14 meV (300 K) and 7
meV (160 K). From this we conclude that at higher energies close to the bandgap not only
exponential disorder related Urbach tail absorption but also significant contribution of band-
to-band absorption affects the shape and slope of the band edge leading to exaggerated

Urbach energy values.'4 18

To exclude effects of non-Urbach absorption states on the extracted Urbach energy values,
recently, an analysis method via an apparent Urbach energy has been demonstrated for halide
perovskites, considering only the purely disorder related exponential part of the absorption
spectrum.® 20 Zeiske et al. adopted this analysis method from investigations on organic
semiconductors®” and applied it to EQE spectra of crystalline halide perovskite
semiconductors,?® followed by Ugur et al., who applied this analysis method to absorption
spectra of MAPbIs.}* Here, the absorption spectrum, which is linked to the Urbach energy

according to eq. 1, is converted into the so-called apparent Urbach energy

-1
Eyapp = (é [In(a — D)]) 14,20 5

Figure le exemplarily shows the measured absorption spectrum at 260 K from Figure 1la
(black), the corresponding offset corrected absorption spectrum (grey) and the apparent
Urbach energy (red) calculated from the measured absorption spectrum via eq. 3 (other
temperatures in Supporting Information Figures S2-4). The Urbach energy of 15.27 meV (red
dashed line) is read out from the constant horizontal part of the apparent Urbach energy, i.e.,
where the band edge is purely exponential.3” The temperature-dependent Urbach energies
between 300 K and 160 K extracted this way from the measured absorption spectra in Figure
la are given in Figure 1f (red symbols). It becomes clear that the Urbach energy values
between 18 meV (300 K) and 9 meV (160 K) extracted via the apparent Urbach energy (eq. 3)
are lower than the ones from Figure 1b extracted via the Urbach Rule (eqg. 1) in the near
bandgap region (grey). This is expected since the consideration of only the horizonal part of
the spectra obtained from eq. 3 implies that only the exponential disorder related part of the
band edge is taken into account. Any exaggeration effects due to band-to-band absorption are
hence avoided. However, the Urbach energies extracted via the apparent Urbach energy from
measured absorption spectra are still larger than the ones extracted via Urbach Rule fits at
energies below about 1.575 eV to absorption spectra calculated from measured PL spectra

(Figure 1d, dark blue and green symbols). For this reason, using different analysis approaches,

11



in the following we investigate in more detail the quantification of Ey based on measured PL

spectra.

3.1.2. Photoluminescence

Absorption spectra a(E) and PL spectra PL(E) are related via the reciprocity theorem (eq.

2).18:21,26,30 Accordingly, intrinsic PL spectra are given by

PL(E) < a(E) - E? - exp (_ k‘Z_T).ls, 21 @

Inserting here in eq. 4 the absorption spectrum

1

exp(—E;§0)+1 ’

a(E) « 2 (5)

essentially approximated by a combination of exponential Urbach tail absorption (eq. 1) and

a constant absorption above the bandgap, the low energy PL edge (E << Eo) results to be
proportional to exp (? - kLT)' whereas the high energy edge of the PL (E >> Eo) is defined
0] B

by exp(—E /kgT). Hence, information on Urbach energy and thus the energetic disorder is

contained in the low energy PL edge exclusively.

Consequently, a simple Urbach energy extraction approach is to fit the low energy PL edge

according to

PL(E < Ey) = C - exp (E;:" - kBiT) (6)
with C being a fitting parameter for the PL intensity. This method was applied by e.g., Fassl et
al. for MAPblI; thin films3® as well as by our group in a previous work.*! Figure 2a shows the PL
spectra and exemplary fits of the low energy edge (below ~1.5 eV) according to eq. 6 between
300 K and 160 K for a MAPbIs thin film sample. The sample measured is the same as in Figure
1 and the data from Figure 2a were reported previously in Ref. 11. The PL spectra, and thus
their low energy edge shifts to lower energies and becomes steeper upon cooling (Figure 2a),
similar to the cooling behavior of the absorption edge (Figure 1a). The Urbach energies

extracted from the PL fits according to eq. 6 (orange crosses in Figure 2d) show the typical

12
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decrease upon cooling due to the decrease of dynamic disorder as already observed from

absorption in Figure 1.
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Figure 2: Ey extraction methods from PL for the MAPDbI; thin film from Figure 1: (a) Measured PL
spectra from 300 K down to 160 K (left) and exemplary low energy edge fits according to eq. 6 (right).
Adapted with permission from Witt et al. * Copyright 2023 American Chemical Society. (b) Measured
PL spectrum at 180 K (green circles) with fit describing its entire shape (black line, eq. 7) as sum of
direct PL (red dashed line) and filtered PL (orange dashed line). (c) Measured PL spectrum at 180 K
(black) and therefrom calculated apparent Urbach energy Ey pp (red) via eq. 9. The Urbach energy Ey
is given by the horizontal part of the Ey .y profile (indicated by red dashed line). (d) Ey values from
300 K down to 160 K determined via the methods presented in (a) (orange crosses), (b) (grey squares)
and (c) (red squares). Values shown as orange crosses adapted with permission from Witt et al.

Copyright 2023 American Chemical Society.

A more comprehensive Urbach analysis method is fitting the entire PL spectrum (between 1.4
and 1.7 eV), as performed in a previous work of our group for MAPbls single crystals.?! This
fitting includes the main direct PL peak (PLgirect around 1.61 eV at 300 K) originating from (near)
surface PL and the red-shifted filtered PL peak (PLiterea around 1.53 eV at 300 K), which

appears as a shoulder and results from a self-absorption effect, i.e., PL which is internally

13



reflected and filtered by the sample’s intrinsic absorption (Figure 2a). PLdirect and PLiiitered are

calculated via the Beer-Lambert law using the intrinsic PL lineshape?!

1 E
PL(E) = I * exp(-E )41 < exp (~ ) 7

resulting from eq. 4 and 5, where an increased temperature Tinc is necessary to account for a
flattening of the high energy PL edge. This flattening is assumed to result from a self-
absorption effect.?! As the temperature is also contained in the description of the low energy
edge (eq. 6), fitting with increased temperature Tinc results in an artificially increased extracted
Urbach energy Eu,inc. Considering that (according to eq. 6 and 7) the measured low energy PL
edge is described by the fitting parameters Tinc and Ey,inc but also by the actual values T and Ey,

where the four parameters can be related and the actual Urbach energy can be calculated via

Bo= [ -] ®

(more details on fitting the entire PL spectrum in previous works).?" 28 Figure 2b shows
exemplarily the PL spectrum of the investigated MAPbIs thin film at 180 K (green circles)
together with a fit (black line) describing the entire spectrum (other temperatures in
Supporting Information Figures S7-9). The fit of the entire spectrum is composed of filtered PL
(orange dashed line) and direct PL (red dashed line). The resulting temperature-dependent
Urbach energy values extracted from fitting the entire PL lineshape in Figure 2d (grey squares)

are similar to the values extracted from simply fitting the low energy edge (orange crosses).

To make sure that non-Urbach absorption states do not affect our Urbach analyses from PL
spectra, we transfer the Urbach analysis method via the apparent Urbach energy (eq. 3)
known for absorption spectra to PL spectra. For this purpose, we replace the absorption
coefficient a in eq. 3 by the PL spectrum PL(E) (using eq. 2 reciprocity theorem) to calculate

the apparent Urbach energy
-1
d PL(E)
E =|=|ln| —F——= . 9

14
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Figure 2c exemplarily shows the as calculated apparent Urbach energy (red) from the PL
spectrum (black) of the investigated MAPbIs thin film at 180 K (other temperatures in
Supporting Information Figures $10-12). Again, the constant horizontal part of the apparent
Urbach energy represents the purely exponential part of the spectrum from which the Urbach
energy of 8.57 meV is retrieved. The resulting temperature-dependent Urbach energies
extracted via the apparent Urbach energy from PL spectra following eq. 9 are given in Figure
2d (red squares). The Urbach energy value at 300 K seems to be exaggerated, which we
attribute to the limited altitude and quality of the low energy edge at this temperature, where
the overall signal to noise ratio of the measured PL spectrum is low compared to the spectra
measured at lower temperatures. Apart from this, the temperature-dependent Urbach
energies extracted from the measured PL spectra via the three Urbach analysis methods
presented in Figures 2a,b,c are quite similar with values between ~14 meV (300 K) and ~7 meV
(160 K) decreasing upon cooling (Figure 2d). In addition, these Urbach energy values are also
similar to the ones in Figure 1d extracted below 1.5 eV (i.e., without significant contribution
of non-Urbach absorption states, see Figure S14a). This similarity is reasonable as the
absorption spectra in Figure 1d were calculated via eq. 2 from the same measured PL spectra.
However, discrepancies between Urbach energies extracted from measured PL spectra (Figure

2) and Urbach energies extracted from measured absorption spectra (Figure 1) exist.

15



3.2. Investigating Discrepancies in Urbach Energy Values

3.2.1. Measurement Method Sensitivity and Energy Range Dependent Effects

To find the origin of the discrepancies in Urbach energy values extracted from different
measurement and analysis methods, first we compare the Urbach energy values derived in

Section 3.1 from 300 K down to 160 K (Figure 3a).
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Figure 3: (a) Comparison of Urbach energies between 300 K and 160 K (of the MAPblI; thin film from
Figure 1 and 2) extracted from absorption (full symbols) and PL measurements (open symbols) using
different analyses methods: Urbach Rule Fits (eq. 1) to measured absorption spectra (full grey
squares), apparent Urbach energy Ey,.pp (€q. 3) calculated from measured absorption spectra (full
red squares), low energy edge fits (eq. 6) to measured PL spectra (orange crosses), entire shape fits
(eq. 7) of measured PL spectra (open grey squares) and apparent Urbach energy Ey.pp (€g. 9)
calculated from measured PL spectra (open red squares). For clarity, some error bars from Figure 2d
are left out. Values shown as orange crosses adapted with permission from Witt et al. ** Copyright
2023 American Chemical Society. (b) Energy range used for the extraction of the Urbach energies in

(a) at 300 K (for details and all temperatures down to 160 K see Figure S14).

Basically, two major differences are observed: (1) The Urbach energy values between 20 meV
(300 K) and 9 meV (160 K) extracted from measured absorption spectra are higher than the
respective values between 14 meV (300 K) and 7 meV (160 K) extracted from measured PL
spectra (2) For the analyses of measured absorption spectra, the apparent Urbach energy
method (eq. 3) leads to lower Urbach energy values compared to corresponding values from
Urbach Rule fits. This is in contrast to the analyses of measured PL spectra, where essentially

all methods lead to similar Urbach energies.
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To address the latter observation, we recall that the apparent Urbach energy method takes
only the purely exponential disorder-related energy range of the spectra into account without
contribution of non-Urbach absorption states like band-to-band absorption close to the
bandgap.'* 8 To evaluate the relevance of such non-Urbach absorption states for all Urbach
energy values from Figure 3a we consider the energy range used for their extraction in Figure
3b (300 K) and Figure S14c-d (300 K down to 160 K). Figure 3b illustrates that the Urbach
energies from absorption were extracted in an energy range above 1.50 eV, whereas the
Urbach energies from PL were extracted in a lower energy range below ~1.55 eV. Notable
influence of the energy range on resulting Urbach energies is only seen from absorption
(Figure 3a closed symbols). Here, a reduced upper energy range until ~0.02 eV below the
bandgap (Figure 3b orange bar) leads to lower Urbach energy values (Figure 3a red closed
symbols), considering only purely exponential disorder-related parts of the absorption edge.
Thus, exaggeration effects on Urbach energy values due to non-Urbach absorption states, e.g.,
band-to-band absorption,'* 18 appear to be relevant up to ~0.02 eV below the bandgap
(Ebandgap = 1.6 eV at 300 K)3°. From PL no significant differences of the analysis method on the
Urbach energy values are observed (Figure 3a open symbols). We consider this to result from
the fact that in the PL spectra, all three analysis methods use an upper energy range that is
more than ~0.02 eV below the maximum of the respective PL peak (Figure S14d) and thus non-

disorder-related near bandgap absorption effects do not contribute.

Independent of near bandgap effects, however, there still remain differences of ~(1.5-3.5)
meV between the Urbach energy values from measured absorption and the values from
measured PL (Figure 3a). These differences can be caused either by an additional energy range
dependent effect, which leads to a lowering of the Urbach energies extracted below ~1.55 eV,
or by differences in the sensitivity of the absorption and PL measurement methods in terms

of disorder.

Hence, in Figure 4a we compare Urbach energy values extracted from measured absorption
and PL in the same energy range (red area above 1.5 eV in Figure 3b and S14c). Here we
consider the Urbach energies extracted via the apparent Urbach energy (eq. 3) from measured
absorption (full red squares). In addition, Urbach energies are derived from measured PL
spectra by first calculating the absorption spectra (eq. 2) and then performing Urbach rule fits

in the designated area (open rose squares, fits according to eq. 1 in Figure S13).
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Figure 4: (a) Urbach energies between 300 K and 160 K (of the MAPDbI; thin film from Figures 1,2 and
3) extracted in the same energy range from absorption (via eq. 3: apparent Urbach energy Ey,app, full
red squares) and PL measurements (via eq. 1 and 2: Urbach Rule fits to calculated absorption, open
rose squares). (b) Comparison of MAPblI; thin film (grey squares) with MAPblI; single crystal (green
circles, Ey from PL adapted under the terms of the CC-BY 4.0 license. ?* Copyright 2020, the authors.
Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.): Urbach energies Ey extracted via
Urbach Rule Fits (eq. 1) to measured absorption spectra (full symbols) and via entire shape fits (eq.

7) of measured PL spectra (open symbols).

We find that at 300 K the Urbach energy from measured PL is ~1.7 meV lower than from
measured absorption (Figure 4a). Down to 200 K this difference in Urbach energy values
decreases resulting in similar values from both measured absorption and measured PL
between 180 K and 160 K. According to Figure 1c,d (dark blue, energy range for Ey extraction
similar to red area above 1.5 eV in Figure 3b and S14c) we consider the Urbach energies from
measured PL in Figure 4a to be slightly exaggerated, which we refer to the filter effect. This
filter effect leads to slightly red-shifted PL compared to intrinsic PL and absorption and thus
shifts parts of the PL spectra near the bandgap with signatures of non-Urbach absorption
states in the energy range used for Urbach energy extraction. Nevertheless, considering a
similar energy range above ~1.5 eV, from measured PL we definitely find lower absolute
Urbach energy values and also lower temperature-dependence of the Urbach energy
compared to measured absorption, which hints to different sensitivity of both applied

measurement methods.

To check if differences in Urbach energy values due to different sensitivity of the applied
measurement methods (absorption and PL) are of general nature, we compare Urbach
analyses from absorption and PL measurements applied in the energy range below ~1.5 eV.

For this purpose, we consider a second type of MAPbIz sample, namely single crystal sample,
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for which not only the filtered PL but also the absorption edge is observed below 1.5 eV (i.e.,
below the Urbach focus point, Figure 5S16).2% 28 Here the measured single crystal absorption is
red-shifted compared to thin film absorption, which results from the larger sample thickness
(~1 mm instead of only ~4 um) and lower polycrystallinity of the single crystal.*>-43 Urbach
energies between 300 K and 160 K extracted below ~1.5 eV from the measured single crystal
absorption via Urbach Rule fits ( eq. 1, full green circles; similar values as those extracted via
Eu,app See Figure S16) and from the measured single crystal PL via entire shape fits (eq. 7,0pen
green circles) are shown in Figure 4b, together with values for the thin film sample (grey
symbols). The single crystal sample shows Urbach energy values from measured PL to be more
than 2.5 meV lower compared to the values extracted from measured absorption. In addition
to the lower absolute Urbach energy values the single crystal PL also shows less temperature-
dependence of the Urbach energy compared to single crystal absorption. Consequently, in
both the energy range above and below 1.5 eV, lower absolute Urbach energy values as well
as a lower temperature dependence of the Urbach energy are obtained from measured PL
compared to measured absorption, independent of near bandgap exaggeration effects on the

Urbach energy.

Thus, we conclude a fundamentally different sensitivity of both applied measurement
methods (absorption and PL) in terms of energetic disorder independent of the considered
energy range. Energy range dependent effects on Urbach energy values are only present near

the bandgap region, i.e., ~ 0.02 eV below the bandgap.
3.2.2. Origin of Different Measurement Method Sensitivity

As identified in Section 3.2.1 and summarized in Figure 5, we derive lower absolute Urbach
energy values from PL than from absorption measurements (Fig. 5b). Furthermore, we find a
lower temperature dependence of the Urbach energy from PL than from absorption. This can
be quantified by applying linear fits to the temperature dependent Urbach energy values
between 300 K and 160 K (also see Supporting Information Figure S17) and considering the
values of the slopes, as shown in Figure 5c. In both cases, the differences between the values
obtained from measured absorption and PL are independent from the energy range
considered for Urbach energy extraction (Figure 5). Therefore, we consider these differences
to result from different sensitivity of the measurement methods. Only above ~1.58 eV (i.e.,

closer than ~0.02 eV to the bandgap) an additional exaggeration effect on Urbach energy
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values due to non-Urbach absorption states occurs (indicated by orange bar and arrows in

Figure 5a,b).
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Figure 5: Comparison of Urbach analysis methods of measured PL (left) and absorption spectra (right)
presented in previous Figures applied for a MAPDbI; thin film (grey squares) and MAPDbI; single crystal
samples (green circles): (a) Maximum Ey extraction energy range between 300 K and 160 K used for
the respective Urbach analysis method. (b) Urbach energy Ey at 260 K. (c) Slope of linear fitting to

the temperature-dependence of the Urbach energy Ey.

The temperature-dependence of the Urbach energy, which is the sum of temperature-

independent static disorder E{@" and temperature-dependent dynamic disorder E[c}yn, can be

described by
stat dyn stat stat < -1 18-19
Ey(T) = B + By = B+ 2 B [exp (2) - 1] (10)

where ESyn is characterized by the interaction of charge carriers with phonons in the coupled

Einstein oscillator model via the Einstein temperature 8.177-1° This implies that the overall

Urbach energy values are defined by the static disorder Eﬁtat and the temperature-

stat
dependence of the Urbach energy is defined by the slope ~ (E‘; )
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Accordingly, the lower overall Urbach energy values and lower temperature dependence of
the Urbach energy observed from PL (Figure 5b,c) could be explained by a lower static disorder

Elsjtat that is manifested in the PL spectra compared to the absorption spectra.

Lower detected static disorder EJf* from measured PL might be conceivable, as the optical

penetration depth of the PL excitation is limited to the upper ~50 nm of the sample (whereby
besides direct PL from near the surface also PL from the bulk occurs due to charge carrier
diffusion).1® Consequently, for our thin film samples with a thickness of ~4 um, PL
measurements might be less sensitive to possible strain associated disorder from the buried
substrate perovskite interface, which might be induced due to the thermal expansion
coefficient mismatch between perovskite layer and substrate.***” In contrast, our absorption
measurements recorded via transmission through the whole sample thickness would be more
sensitive to such substrate related disorder. However, in Section 3.2.1, the differences in
resulting Urbach energy values due to different sensitivity of the applied measurement
methods are observed not only for thin film but also for free standing single crystal samples.
From this, we conclude that these differences are of general intrinsic nature independent of
the presence of a substrate. Thus, we exclude a limited depth sensitivity of PL to be
responsible for lower detected static disorder E{™" from measured PL compared to

absorption.

Since our investigation focus on the tetragonal phase of MAPbI3 (i.e. 300 K down to 160 K) we
also do not expect effects of excitonic contributions to be relevant for the lower detected
static disorder Eﬁtat from measured PL compared to absorption as such contribution is known
to get significant only in the orthorhombic phase namely below 80 K.*® However, it is known
that on sites with lower energetic disorder also lower nonradiative decay rates are present.>
7.4 Furthermore, after PL excitation, charge carriers relax spatially in the sample volume to
sites with lower energy and lower energetic disorder before they recombine radiatively.3% 3°
Both aspects indicate that PL tends to track more sites with lower energetic disorder leading

to an overproportional contribution of such low energetic disorder sites in the measured PL

spectra, obscuring signatures from higher disorder sites.

Besides the lower absolute Urbach energy values, the higher sensitivity of PL for sites with

lower static disorder Eﬂtat can also explain the observed lower temperature-dependence of

stat
the Urbach energy ~ (E‘g ) from PL. Moreover, this lower temperature-dependence could
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also result from a higher Einstein temperature @ in the PL measurements compared to the
absorption measurements. Such differences in @ are conceivable as absorption probes the
ground state geometry whereas PL probes the excited state geometry of the investigated
sample. In excited state geometry a stronger interaction of charge carriers with phonons
would be characterized by an increased value of @ in comparison to the ground state
geometry. In single crystal samples with large domain sizes and less barriers for charge carriers
one might expect this increase in @ to be more pronounced compared to polycrystalline thin
film samples with lower domain size and many grain boundaries. Indeed, from fits analogous
to eq. 10 to temperature-dependent Urbach energies extracted from PL, Ledinsky et al.
observed slightly higher phonon energies for single crystals than for thin films of the same

lead halide perovskite stoichiometry.!?
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4. Conclusions

In summary, we investigate in detail the origin of present discrepancies in Urbach energy
values extracted via different measurement and analysis methods. To this end, from 300 K
down to 160 K, steady-state PL and absorption spectra of MAPbIs samples are recorded quasi
simultaneously to enable reliable comparison between both measurement methods. Urbach
energies are extracted via six different analysis methods applied to the measured absorption
and PL spectra in an extended energy range down to 0.2 eV below the bandgap. We show that
Urbach energy values are exaggerated due to band-to-band contributions only close to the
bandgap, i.e., ~0.02 eV and less below the bandgap. Besides that, we reveal that independent
of the investigated energy range, general discrepancies in Urbach energy values occur due to
different sensitivity of the applied measurement methods (absorption vs PL). Here, lower
absolute Urbach energy values are obtained from measured PL, as well as a lower
temperature-dependence of the Urbach energy compared to absorption. We conclude that
the lower absolute Urbach energy values from PL originate from the higher sensitivity of PL
for sites with lower energetic disorder, as PL is preferably emitted from sites with low
energetic disorder. Furthermore, the lower temperature dependence of the Urbach energy
from PL appears to originate also from the high sensitivity of PL for sites with low energetic
disorder and/or a higher phonon energy in PL measurements, as PL probes the excited state
geometry of the semiconductor. Differences in Urbach energies between thin film and single
crystal samples are only observed when extracted from absorption, as PL mainly occurs from

the low energetic disorder sites.

Thus, in contrast to PL, absorption measurements might appear to be better suited to identify
differences in energetic disorder (i.e., in defect induced static disorder and zero-point phonon
energy) between different samples. However, even between single crystal and thin film
samples, the differences in Urbach energy are small (< 2 meV), which is likely associated to
the inherent high electronic quality of halide perovskites.'? This is in line with the findings from
Gehrmann et al, who, from molecular dynamics and density functional theory calculations,
identified such high electronic quality to originate from the dynamic shortening of the disorder
potential by thermally activated nuclear motions, resulting in a reduced number of tail states

and thus general small Urbach energies.'* >!
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Overall, our work demonstrates that no single true value of the Urbach energy exists, but that
the value of the Urbach energy depends on the sensitivity of the applied optical measurement
method for spatially distributed sites of lower energetic disorder in the sample volume. Thus,
our work contributes to further develop a fundamental understanding of energetic disorder

and sensitizes for meaningful interpretation and comparison of Urbach energy values.
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Supporting Information

Details on thin film samples and performed temperature-dependent Urbach energy analyses
from measured absorption and PL spectra; PL and absorption spectra of single crystal samples
and corresponding temperature-dependent Urbach energy analyses; Linear fits to

temperature-dependent Urbach energies for extraction of the slope parameter.
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1. Urbach Energy Analyses of CP an HP Thin Films

All Urbach analyses of thin film samples using measured absorption spectra (from 300 K down

to 5 K) and measured PL spectra (from 300 K down to 160 K, as the PL shape gets too complex

for reliable Urbach energy extraction below 160 K)* are presented here. The Urbach analyses

are shown for the cold-pressed MAPblIs thin film (CP) discussed in the main paper (left) and a

second hot-pressed MAPbI3 thin film (HP) shown on the right. The HP film exhibits a slightly

different morphology compared to the CP film, i.e., larger grain size and preferred

crystallographic orientation resulting in improved structural and optoelectronic properties,

namely decreased defect density, reduced strain and lower energetic disorder (Figure S15a).!

1.1.Urbach Analyses

1.1.1 Urbach Rule Fits to Measured Absorption Spectra

a) 2.5x10* T T T T T T T P 3 b) " T T T T T T E
Data: Fit: E 2x10* B Dpata: Fit: HP 3
2x10* E o 300k — 300k O 300K ——300K
0 280K —— 280K 4 F O 280K —280K
1.5x10% B © 260K ——260K 1.5x10 E O 260Kk —260K
: F O 240K ——240K ] F O 240K ——240K
i E 220K ——220K 3 il E 220K —— 220K ]
€ E 200K —— 200K E e 10* | 200K —— 200K E
4
S 10° F 180K —— 180K ] o F 180 K —— 180K ]
~ F 175K —— 175K 1 = 175K —— 175K ]
3 170K —— 170K ] 3 170K ——170K ]
165K —— 165K ] [ 165 K —— 165 K ]
O 160K —— 160K i 5x10% | © 160K ——160K -
5x10° . [ — ]
: b : : b
10* F CP—; 10* F HP ]
F } Fit ) F - Fit: ]
r exp. part): (exp. part):
- 10° gggE E - 108 3 300K 3
g ——260K g F _—iggﬁ ]
——240K ——240K
3 102 E ——220K 7§ S 102k ,»/ —— 220K
3 200K 3 E 200K 3
b 180K ] b 180K ]
1 175K _| 1 175K
10" 170K 3 10" F 170K
3 165K 7 E 165K 3
——160K ] —— 160K ]
100 1 N 100 1 . 1 . 1 .
1.45 1.50 1.60 1.65 1.45 1.50 1.55 1.60 1.65
Energy / eV Energy / eV

S2




2.5x10* T T T T T T T

c) ata: i cpi 9 FE om0
2x10* F 5" B0k — 120k 2x10 oMok — 120k
e | asao DEIE
PR = 1t wp o
S 104 E 20K ——20K E o F ggE :ggﬁ
S 5K ——5K 1 \B t 5K ——5K
. ] 5x10° |
5x10° | ] &
— : — - ! ! ;
10° F P 10* [ HP
o 10°F i - 10° — E
g (exp. par: g E (exp pary:
2 120K r i
s 102 —— 100K 3 3 10%E —ﬁgi‘s
E —80K ] 3 —80K J
[ :igE ] F —60K
10 3 30K 10! 3 7‘3‘3& 3
E 20Kk 1§ E
: Vs 2K : IS
10° L I I . I . 1 10° | \ f L . I
1.55 1.60 1.65 1.70 1.55 1.60 1.65 1.70
Energy / eV Energy / eV

Figure S1: Urbach Rule fits according to eq. 1 in the main text (blue lines) to measured absorption
spectra (circles) of CP (left) and HP (right) thin films in tetragonal (a,b) and orthorhombic (c,d) phase

of MAPDI; in top panels and exponential parts of the fits in bottom panels.

From classical crystalline inorganic semiconductors, a focus point at about 1.5 eV is known to
result from a similar temperature-dependence of the band gap energy and the steepness of
the band edge, i.e., the Urbach energy.?* Such focus point has already been reported for
halide perovskite films as well.>7 Here in Figure S1, below 80 K no intersection of the fits is
observed since at these low temperatures the dynamic disorder becomes vanishingly small
and thus the Urbach energy (slope of the absorption edge) saturates while the band gap

energy continues to shift to lower energies.
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1.1.2 Urbach Energy Extraction via Ey,app Calculated from Absorption Spectra
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Figure S2: Extraction of Urbach energy values from measured absorption spectra (grey, offset

corrected spectra in black) via the calculation of the apparent Urbach energy (red) via eq. 3 in the

main text for CP thin film (a-d) and HP thin film (e-h) between 300 K and 240 K. The Urbach energy

is determined from the horizontal part of the apparent Urbach energy (green line).
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Figure S3: Extraction of Urbach energy values from measured absorption spectra (grey, offset
corrected spectra in black) via the calculation of the apparent Urbach energy (red) via eq. 3 in the
main text for CP thin film (a-d) and HP thin film (e-h) between 220 K and 175 K. The Urbach energy

is determined from the horizontal part of the apparent Urbach energy (green line).
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Figure S4: Extraction of Urbach energy values from measured absorption spectra (grey, offset
corrected spectra in black) via the calculation of the apparent Urbach energy (red) via eq. 3 in the

main text for CP thin film (a-c) and HP thin film (d-f) between 170 K and 160 K. The Urbach energy is
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Figure S5: Extraction of Urbach energy values from measured absorption spectra (grey, offset
corrected spectra in black) via the calculation of the apparent Urbach energy (red) via eq. 3 in the
main text for CP thin film (a-d) and HP thin film (e-h) between 120 K and 60 K. The Urbach energy is

determined from the horizontal part of the apparent Urbach energy (green line).
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Figure S6: Extraction of Urbach energy values from measured absorption spectra (grey, offset

corrected spectra in black) via the calculation of the apparent Urbach energy (red) via eq. 3 in the

main text for CP thin film (a-c) and HP thin film (d-f) between 40 K and 5 K. The Urbach energy is

determined from the horizontal part of the apparent Urbach energy (green line).

The background correction of the measured absorption spectra in Figures S2-6 was performed

carefully: An offset value (4260 cm™ in case of Figure 1e) has been subtracted from the

measured absorption spectrum. This offset value has been determined by a first read out of

the scattering offset of the absorption spectrum below 1.5 eV, followed by a finetuning

revealing the purely exponential part of the absorption edge reflected in the horizontal part

of Euapp. Without such finetuning, it might be, that no perfectly horizontal part of Euy,app is

given.
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1.1.3 Entire PL Shape Fits
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Figure S7: Extraction of Urbach energy values from measured PL spectra (green circles) via entire
shape fits (black lines) according to eq. 7 in the main text for CP thin film (a-d) and HP thin film (e-h)
between 300 K and 240 K. The fit is composed of filtered PL (orange dashed line) and direct PL (red
dashed line).
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Figure S8: Extraction of Urbach energy values from measured PL spectra (green circles) via entire

shape fits (black lines) according to eq. 7 in the main text for CP thin film (a-d) and HP thin film (e-h)

between 220 K and 175 K. The fit is composed of filtered PL (orange dashed line) and direct PL (red

dashed line).
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Figure S9: Extraction of Urbach energy values from measured PL spectra (green circles) via entire
shape fits (black lines) according to eq. 7 in the main text for CP thin film (a-c) and HP thin film (d-f)

between 170 K and 160 K. The fit is composed of filtered PL (orange dashed line) and direct PL (red

dashed line).
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1.1.4 Urbach Energy Extraction via Ey,app Calculated from PL Spectra
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Figure S10: Extraction of Urbach energy values from measured PL spectra (black) via the calculation
of the apparent Urbach energy (red) via eq. 9 in the main text for CP thin film (a-d) and HP thin film
(e-h) between 300 K and 240 K. The Urbach energy is determined from the horizontal part of the

apparent Urbach energy (green line).
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Figure S11: Extraction of Urbach energy values from measured PL spectra (black) via the calculation
of the apparent Urbach energy (red) via eq. 9 in the main text for CP thin film (a-d) and HP thin film
(e-h) between 220 K and 175 K. The Urbach energy is determined from the horizontal part of the

apparent Urbach energy (green line).
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Figure S12: Extraction of Urbach energy values from measured PL spectra (black) via the calculation

of the apparent Urbach energy (red) via eq. 9 in the main text for CP thin film (a-c) and HP thin film

(d-f) between 170 K and 160 K. The Urbach energy is determined from the horizontal part of the

apparent Urbach energy (green line).
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1.1.5 Calculating Absorption Spectra from Measured PL Spectra
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Figure S13: Absorption calculated from PL spectra via eq. 2 in the main text and applied Urbach Rule
fits according to eq. 1 in the main text (blue lines). The energy range of the fits is similar to the energy
range used for Urbach energy extraction via the apparent Urbach energy calculated from measured
absorption spectra. The resulting Urbach energies are shown in Figure 4a in the main text (rose

squares).

Figure S13 shows absorption spectra calculated from PL spectra via eq. 2 in the main text. As
PL spectrum PL(E), the direct PL from entire shape fits to the measured PL (Figures S7-9) was
used. As temperature, the increased temperature Tinc from the high energy PL edge was used,
making a correction of the extracted increased Urbach energy Eu,inc according to eq. 8 in the
main text necessary to get the Urbach energy Ey (details on parameters Tinc and Ey,inc are given
in the main text in Section 3.1.2). The absorption spectra in Figure 1c in the main text were

calculated similarly.
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1.2. Energy Range for Urbach Energy Extraction

a) b)
— T T T T 1T T T 1717 T T T T T T
22 T Meas. PL - low energy edge 7] 1 F 300K -CP Data E
20 | O Meas. PL - entire shape a E — Fit total
[ O Meas.PL-E, 1 C Fit Pliereq ]
18 | A cCalc. a -Urbach Rule (3) - LA N Fit PL
> L J E direct
£ 16F 27 5 |
= 14 F o+ S 01F E
@ g ]z f ]
12 | o . :
10 F = = . i
8 r !gygg ]
6 T RN PR NI N | [ 0.01 L 3
160 180 200 220 240 260 280 300 1.4 1.5 1.6 17 1.8
Temperature / K Energy / eV
c) d)
T T T T T T
1.70 I 1.70 |- O Plypect
1.65 1.65 F O Plijeeg
2 1.60 < 1.60
Z1.55 v % 1.55
© Urbach Rule 51
 1.50 g 1.50
1.45 1.45
F F entire shape
1.40 - 1.40 -
[P PR R R 1 1 L, [ B |

160 180 200 220 240 260 280

Temperature / K

e)

300

160 180 200 220 240 260 280 300

Temperature / K

170
1.65

2 1.60

3155

2

5 1.50
1.45
1.40

E,

Uapp

Urbach Rule

entire shape

160 . 180 200 220 240 260 280 . 300
Temperature / K
Figure S14: (a) Ey values from 300 K down to 160 K determined via the methods presented in Figure
1c,d (green triangles) and Figure 2 in the main text (orange crosses, grey squares, red squares).
Values shown as orange crosses adapted with permission from Witt et al. ! Copyright 2023 American
Chemical Society. (b) Extraction of Urbach energy via entire shape fit (black line) according to eq. 7
in the main text to CP thin film PL spectrum measured at 300 K (green circles). The fit is composed
of filtered PL (orange dashed line) and direct PL (red dashed line). Using the blue lines, the maximum
energy at which the low energy edge of PLgit €xhibits a purely exponential shape (i.e., where

information about Ey is contained) is read out. (c-e) Temperature-dependent energy range used for
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the extraction of the Urbach energies in Figure 3a in the main text from measured PL and absorption

together with filtered (blue) and direct (green) PL peak positions in (d).

For Ey extraction via entire shape fits of PL spectra, the maximum of the Ey extraction energy
range (grey area in Figure S14d) for all temperatures was determined analogously to Figure
S14b (blue lines) by evaluating up to which energy the low-energy edge of PLgirect €xhibits a
purely exponential shape (i.e., up to which energy the low-energy edge is determined by Ey
according to eq. 7 in the main text). The resulting maximum energies of the Ey extraction
energy range in Figure S14d are located more than ~0.02 eV below the respective PLgirect peak
position (green squares), indicating that non-disorder-related near bandgap absorption

effects do not contribute.

For Ey extraction via fitting the low energy edge of PL spectra and via applying the apparent
Urbach energy approach to PL spectra, the low energy edge of the filtered PL is considered.
Here, the maximum of the Ey extraction energy range (orange and red area in Figure S14d) is
located more than ~0.02 eV below the respective PLsitered peak position (blue squares) for both
approaches, indicating that non-disorder-related near bandgap absorption effects do not

contribute.
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1.3. Comparison of Ey between CP and HP
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Figure S15: Urbach energies between 300 K and 5 K for CP (grey) and HP (red) thin films extracted
from measured absorption spectra (a) via Urbach Rule Fits according to eq. 1 in the main text and
(b) via the apparent Urbach energy using eq. 3 in the main text. (c) Urbach energies from (a,b, closed
symbols) and extracted from measured PL (open symbols) via entire shape fits according to eq. 7 in
the main text and via the apparent Urbach energy using eq. 9 in the main text for CP (squares) and

HP (triangles) thin film.

The Urbach energy Ey decreases with decreasing temperature due to decreasing dynamic
disorder and saturates to the static disorder value at 0 K. From Urbach Rule fits to measured
absorption spectra slightly lower Urbach energy values are derived for the HP film compared
to the CP film. Especially in the low temperature orthorhombic phase such differences in Ey
between both films are visible (Figure S15a). Similar differences in orthorhombic phase are
also found in Urbach energies extracted from measured absorption spectra via the apparent
Urbach energy (Figure S15b). The slightly lower Urbach energy values for the HP film
compared to the CP film are reasonable due to larger grain sizes and increased preferred
orientation in the HP film, which was shown to result in decreased strain and defect density

in our previous work.! However, using PL analyses, differences in Ey between both films are
S18
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not resolvable (Figure S15c).! We attribute this to the preferential sensitivity of PL for sites
with low energetic disorder, i.e., sites with high film quality and the overall small differences
between both films. Thus, absorption measurements allow for a higher resolution of
differences in energetic disorder between different samples than PL measurements. In Figure
S15c Urbach energies of the CP (squares) and HP (triangles) film extracted from measured
absorption (closed symbols) and PL (open symbols) via different analysis methods are
summarized. Here, a similar temperature-dependence of the respective Urbach energies is

found for both films.

The comparison of thin film and single crystal samples also yields only small or even no
differences in Urbach energy values (Figure 5, Figure S16), although the morphology of both
samples is obviously differing, which might be due to an inherent high electronic quality and

short-range correlation of energetic disorder in halide perovskites.
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2. Urbach Energy Analyses of Single Crystal Samples
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Figure S16: (a) Absorption and (b) PL spectra of MAPbI; single crystals between 300 K and 160 K. (c)
Urbach Rule fits (blue dashed lines) according to eq. 1 in the main text to the absorption spectra
from (a). Spectra in (a), (b), (c) adapted from Schétz et al.  Copyright 2020 The Royal Society of
Chemistry. (d) Urbach energy values between 300 K and 160 K for the CP thin film (grey squares) and
similar single crystal samples (green circles) extracted from absorption (full symbols) and PL (open
symbols). Ey from single crystal PL adapted under the terms of the CC-BY 4.0 license from Schotz et

al. ° Copyright 2020, the authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Due to the higher sample thickness of the single crystal compared to the thin film, the quality
of the measured absorption edge is somewhat lower for the single crystal, resulting in larger
error bars for the Urbach energies determined via the apparent Urbach energy (dark green
circles in Figure S16d). Nevertheless, these Urbach energy values are in agreement with the

values determined from Urbach rule fits to the absorption spectra (light green circles).
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3. Slope — Temperature-Dependence of Ey
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Figure S17: Linear fits to temperature-dependent Urbach energies from Figures 3a and 4b in the main
text for determination of the slope values summarized in Figure 5c in the main text. Values shown
as orange crosses adapted with permission from Witt et al. ! Copyright 2023 American Chemical

Society.
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First of Their Kind: Solar Cells with a Dry-Processed
Perovskite Absorber Layer via Powder Aerosol Deposition

and Hot-Pressing

Simon Biberger, Nico Leupold, Christina Witt, Christopher Greve, Paul Markus,
Philipp Ramming, Daniel Lukas, Konstantin Schétz, Frank-Julian Kahle, Chenhui Zhu,
Georg Papastavrou, Anna Kohler, Eva M. Herzig, Ralf Moos, and Fabian Panzer*

Preparing halide perovskite films by solvent-free, powder-based processing
approaches currently attracts more and more attention. However, working solar
cells employing dry, powder-based halide perovskite thin films, have not been
demonstrated so far. Herein, perovskite solar cells are presented where the
absorber layer is prepared by transferring readily synthesized perovskite powders
into a compact thin film using a fully dry-powder-processing concept. Compact
thin films are deposited via an optimized powder aerosol deposition (PAD)
process. Pressing at 120 °C further improves the morphology and the
optoelectronic film properties. Integrating the perovskite films in a solar cell
configuration results in fully working devices, with champion power conversion
efficiencies of >6%. While the (optoelectronic) properties of the PAD-processed
films are found to be comparable with their solution-processed counterparts,
investigations of the solar cell stack suggest deterioration of the electron-
transport layer properties due to the PAD process, and the presence of
hydrates at the perovskite surface to be important factors that contribute to the
limited solar cell efficiency. Herein, perspectives to overcome the identified
limitations are outlined, emphasizing the high potential and realizability of
efficient perovskite solar cells based on dry-powder-processing approaches in
the future.

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%"% and increasing device stabilities
of up to several thousand hours?®* 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.**=® 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.” % Moreover, a second draw-

back of solution-based processing is the need for toxic solvents
such as dimethylfluorene (DMF)!'""'? 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.!>~¢!

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).!"”~'*! 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,?*?* and ceramics for sensing and energy
applications.”* First commercial applications of PAD are already
tested.?”!

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 (MAPDI;) can be produced via PAD.*" 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.”’ 3% 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.?1>4

Here, we present sophisticated technical developments in the
PAD process that enable the deposition of thin (=1 pm), yet
dense MAPDI; 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 MAPDI;
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.

ITO+Sn0O,
~!o
®,000 ....
..: ..1 °
© 000 <, —>
£5,6®,%
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owder CEICE film
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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 MAPbI; powder
mechanochemically via ball milling (details in previous
workl®>3)) 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 N, O,, 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 600 ms™" and directed onto a
glass substrate coated with indium tin oxide (ITO) as transparent
electrode and SnO, 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).?”) The MAPbI; 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 MAPbI; PAD films,
we applied hot-pressing as an optional posttreatment step before
spin-coating 2,2’,7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-MeOTAD) as hole-transport layer
(HTL) onto the MAPDI; film and thermally evaporating gold
as top electrode to complete the solar cells.

optional
post-treatment

gold
spiro-MeOTAD

— .

el complete device

pressing pressed film

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 ~1pm
(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 um.ps] 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.*®

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.2® 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 MAPbI; thin films
suitable for solar cells.

Our mechanochemically synthesized powder used for PAD is
phase pure und consists of 30-50 pm large agglomerates of pow-
der particles in the 1 pm 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

(a) to deposition
chamber
ejector inertial
separator

Vacc

aerosol

collecting
flask

tube

Vhask

L <
ejector + separator
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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 V,(gas flow for acceleration of
aerosol) and Vg (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 Vo, (Figure 2a). Both effects contrib-
ute to break up agglomerates within the aerosol.’” The second
advantage of the ejector is the possibility to independently control
Viask and V... This allows to apply a low Vg,q, and thus to
reduce the overall MAPDI; 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 MAPbI; 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 MAPDI; PAD films still exhibit voids (Figure 2b top). In addi-
tion, the film area deposited from the middle of the 10 mm 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 10 mm X 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,

3

absolute values (um)
o P -
—— ——
el
1

L

thickness Ra

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 (<1g) to
further reduce the aerosol concentration and increase the general
process control.

By these setup improvements, we obtain dense and void-free
MAPDI; films (Figure 2b bottom) with mean thickness of
(1.0£0.1) pm and reasonable arithmetic mean roughness Ra
of (0.25 £ 0.03) pm (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 1pm thick MAPDI; 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 MAPDI; film properties, that is, film
morphology, optoelectronic properties, as well as related solar
cell efficiencies.’'3****2 In particular, a higher pressure—
temperature combination is known to result in stronger improve-
ments of MAPDbI; film morphology and optoelectronic
properties.[?7/2831733404143] T4 fyyrther 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,?1>33440=] their
form stability is limited to pressures below 15 MPa 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
25 MPa, rendering silicon wafers and PTFE sheets unsuited for
our approach. Polyimide foil exhibits high form stability under
mechanical and thermal stress,'*®) and was already used as press
die material for the fabrication of MHP films with promising
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optoelectronic properties in the past.*”*¥ 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 25 MPa at 120 °C for
5 min. 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[2-2831334041L43] (4] see Figure S7, Supporting
Information, and previous work!?® 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
MAPDI; films. More details on the changes of morphology
and optoelectronic properties of pristine and pressed MAPDI;
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 MAPDI; thin films that meet the film require-
ments for the use in functional perovskite solar cells.
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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) MAPbI;
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)
MAPDI; 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 SnO, 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

www.solar-rrl.com

(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
24h after the fabrication (see Figure S9, Table S1 and S2,
Supporting Information, for comparison between metrics deter-
mined 24h and 9weeks 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 (Js) also
increases upon pressing from (7.2 + 3.1) mA cm ™2 for the pris-
tine devices to (7.6+2.7)mAcm 2 for the pressed devices.
Similarly, the fill factor (FF) yields mean values of (524 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 4+ 1.8)%
for the pressed absorber layer, where the champion devices of
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Figure 4. a) SEM cross-section images and b) current density—voltage (J-V) curves of a MAPblI; solar cell with a pristine (left) and with a pressed (right)
PAD-processed absorber layer. ) Batch statistics (reverse direction) of solar cells fabricated with a pristine (red) and with a pressed (blue) absorber layer.
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Table 1. Summary of solar cell metrics (mean values; individual champion
values in brackets) for MAPbI; solar cells with pristine and with pressed
PAD-processed absorber layer as extracted from reverse direction.

Type Voc V] Jse [mAem™?] FF [%] PCE [%]
Pristine  0.90+0.11 (0.96) 7.2+3.1 (13.9) 5249 (49.5) 3.5+1.8 (6.6)
Pressed 0954004 (0.98) 7.6+27 (11.2) 5646 (56.5) 4.1+1.8 (6.2)

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 MAPbI; n—i—p solar cells that
are solution-processed under ambient conditions with typical
PCE values in the range of ~15%,1*753 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 J,. values are clearly
below the literature values of around 21 mA cm™2. Thus, the
low Js. 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 MAPDI; film, in the following,
we systematically investigate the device stack layer by layer, also
deriving perspectives for strategies to optimize the PCE.
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4, Detailed Evaluation of the Solar Cell Stack
4.1. SnO, Layer

First, we investigate the SnO, layer, acting as the ETL. To ensure
proper electrical contact between the ETL and the MAPDI; 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 MAPbI; 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 MAPbI; 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 MAPDI; film deposition via PAD and pressing at elevated
temperatures. During the deposition of the MAPbI; 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
SnO, layer serving as reference, 2) a SnO, layer after removing a
solution-processed MAPDI; film, 3) a SnO, layer after removing
a pristine MAPbI; PAD film, and 4) a SnO, layer after removing a

o —
face o B
# solution %

1.5

1.0 g
)
2

05 =
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Figure 5. a) Cross-section SEM image of MAPbI; PAD film on indium tin oxide (ITO)/SnO,. b) Urbach energy Ey of 1) a native SnO; layer serving as
reference, 2) SnO, layer after removing a solution-processed MAPblI; film, 3) SnO, layer after removing a pristine MAPbl; PAD film, and 4) SnO, layer
after removing a pressed MAPbI; PAD film. c) Conductive atomic force microscopy (cAFM) measurements at 2.5V 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 MAPDI; PAD film. The MAPDI; 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 SnO, layer thickness or a
fractioning of the grains within the layer might occur due to
the PAD process. Here, height profiles of the four SnO, samples
suggest that the SnO, 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 SnO, 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
2.5V, the cAFM images (Figure 5c) show a decreased current
for samples (3) and (4), compared to samples (1) and (2). This
decreased current at 2.5V is also reflected in corresponding
I-V curves between —1 and 3V (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
~2.0V for samples (3) and (4), where also the steepness of
the current rise appears lower compared to the corresponding
steepness of samples (1) + (2). The latter observation suggests
a lower electric conductivity in the ETLs that exhibited a prior
PAD MAPbI; processing.

To better understand the origin of the decreased electrical con-
ductivity of the PAD-treated SnO, layers, we conducted optical
absorption measurements of all four SnO, 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.P**% Our analysis suggests that samples (3) + (4) exhibit Ey
values in the range of ~210 meV, compared to Ey values in the
range of 160-180 meV for samples (1) + (2) (Figure 5b), indicat-
ing that indeed the PAD processing increases the energetic dis-
order and thus also the defect density of the SnO, ETL layer.

Here, increased disorder and defect density could result from
the harsh impact of the MAPDI; powder particles and agglomer-
ates on the SnO,, where high mechanical stress might foster the
formation of defects. Another aspect that could explain the
increased disorder values for samples (3) + (4) is the incorpo-
ration of MAPbI; constituents into the SnO, 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 V) are present in
samples (2)—(4) even after thorough removal of MAPDbI; with
DMSO (Figure S$15, Supporting Information).”®*”) Here the
Pb-concentration in samples (3) + (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).® This emphasizes that no iodo-
plumbate residuals are present on the SnO, layer, but rather
metallic lead remains in the SnO, layer.

The incorporation of various materials such as Sb, Cr, or
Nb,Os into SnO, is known to lead to increased Ey (i.e., energetic
disorder), and to a shift of the onset potential toward higher
values,P#%% fully in line with the findings from Figure 5.
Thus, we conclude that the incorporation of Pb into the SnO,
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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 SnO, could be
used to compensate for the presence of the Pb-induced
defects.*H6%

To counteract a possible mechanically induced increase in dis-
order, the use of SnO, layers with a more robust morphology and
potentially higher mechanical hardness appears promising. For
example, it was shown that SnO, layers prepared by an e-beam
process show remarkably compact morphologies and that
sputtered SnO, layers, in contrast to other preparation
methods, show higher hardness values of up to 14 GPa.®*
Furthermore, it could be demonstrated that SnON coatings
resulting from the incorporation of nitrogen into SnO, can
exhibit hardness values of up to 23 GPa while maintaining excel-
lent electrical properties.!**!

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

4.2. Dry-Processed MAPbI; Absorber Layer

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

We first addressed whether our anti-sticking silanization
coating (molecular formula: C;3H3,Cl3Si) is transferred to our
MAPDI; films upon pressing. Figure 6a shows an XPS spectrum
of a pressed perovskite film, where only peaks corresponding to
MAPDI; constituents and in particular no signatures of Si are
visible.P%36¢] 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 MAPbI; 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~200nm
(Figure 4a left). The films exhibit a thickness of about 1 pm.
While the perovskite film thickness of highly efficient solar cells
often is below 1pm, it was shown that a PCE of 20% can be
achieved using MAPDI; films with thickness of about 1 pm, if
the grain size is large thus the number of grain boundaries in
vertical direction is low.l”) 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.””*® From XPS
measurements in a previous work, it is known that hot-pressing
induces small amount of Pbl, at the MAPbI; film surface.”®!
However, in Figure S18, Supporting Information, the XRD
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Figure 6. a) XPS spectrum of a MAPbI; PAD film after pressing. b) Oriented fraction of the (110) and (002) double peak as a function of y for a pristine
(red) and pressed (blue) MAPbI; 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 MAPblI; film on glass as measured (dotted) and offset corrected
(line). The Urbach energy Ey is extracted from an exponential fit for each sample. e) Time-resolved photoluminescence of a pristine and pressed MAPbl;

film on glass, together with a mono-exponential fit.

spectra show only a negligible amount of Pbl, for the pressed
film, that is, all MAPDI; films are considered to be essentially
phase pure.

To characterize the crystallographic orientation of the pristine
and pressed MAPDI; films, we performed grazing incidence
wide-angle X-ray scattering (GIWAXS). The corresponding 2D
GIWAXS patterns of a pristine and a pressed MAPbI; film
(Figure S16, Supporting Information) were examined using a
x 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 g, (in-plane of the sample) and 0° corresponds
to the direction along g, (out-of-plane of the sample). The inten-
sity distribution along the y arc of the pristine film (red line in
Figure 6b) shows a random (isotropic) orientation of the crystal-
lites. In contrast, the intensity along y deviates from the isotropic
distribution for the pressed film (blue line in Figure 6b), indicat-
ing a preferred orientation particularly in g,-direction (planes
parallel to sample surface) due to hot-pressing.

A single pixel analysis within the y arc (details in Figure S16
and S17, Supporting Information) indicates an overall increased
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number of large crystallites in the pressed film, consistent with
XRD patterns measured in Bragg—Brentano geometry of pristine
and pressed PAD-processed MAPbDI; 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 g, in combination with the shift of the
(110) spacing to larger values along ¢, indicates the compression
of the standing unit cell along the c-axis and its elongation along
the a-axis (Figure 6¢). Analogously, the change of the (002)
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spacing to larger values along g,, in combination with the shift of
the (110) spacing to smaller values along g,, 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 MAPbI; 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.?®!

Thus, in the following, we analyze how the identified morphol-
ogy differences between the pristine and pressed MAPbI; 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) MAPDI; film on glass with the typical
absorption edge around 1.59 eV.>7% 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, Ey, 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 Ey value is in line
with typical Urbach energies of solution-processed MAPbI;
films.>>7172] The reduction of the Urbach energy upon pressing
suggests less energetic disorder and a reduction in associated
defect density in the pressed film.”>~7

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) MAPDI; 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 k; according to

PL(t) x A; X exp(—2 X ky X t) (1)

By doing so, we find k; values of (10.140.3) x 10°and
(6.5 4 0.6) x 10° s™* for the pristine and the pressed film, respec-
tively. Thus, our films exhibit k; values similar to typical values of
solution-processed MAPbI; films.”®””) 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 MAPDI; films prove that they exhibit suitable
morphology and optoelectronic properties for solar cell applica-
tion, in particular when the films are posttreated by pressing.
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4.3. Perovskite-Transport Layer Interfaces

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

By light-intensity-dependent -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.”®!

Following this approach, we measured the J-V curves for the
pristine (red triangles) and pressed (blue dots) PAD-processed
MAPDI; 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 V. 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 107> to 10~ sun.
In contrast to the devices with pressed MAPDI; film where the FF
monotonously increases, the FF of the devices with pristine
MAPbI; film decreases again for light intensities above 107"
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.”®) 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" sun indicates an increased interface recom-
bination compared to pressed devices.”® 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 k; found in
the transient PL measurements (Figure 6e).

The V. 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~ " 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 a from

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

851807 SUOLULLOD BT8O 3{edl|dde Uy Aq peussnob a1 Sl YO ‘8SN JO Sa|nJ 10} A1eiq178UUO A3]IM UO (SUORIPUOD-PUE-SUBYWI0D" A3 | 1 AReq]1[Bu 1 JUo//SdHL) SUORIPUOD pue swis L 8U} 835 *[£202/90/82] U0 Areiq1Taulluo A8 |IM ‘AuewiieD sUeyo0D Aq T9Z00EZ0Z 110S/200T OT/I0p/wo0" A3 |im Akeiq 1 jaul U0/ W0l papeojumoq ‘0 ‘X86T.L9ET



ADVANCED
SCIENCE NEWS

é ‘ RRL

www.advancedsciencenews.com

(a) light intensity (sun)

www.solar-rrl.com

light intensity (sun)
103 102 107" 10°

10* 103 102 10 10°
T T T
0.6 L Experiment

os| IPERRLN
£l Hasag)
N |

A pristine | 07
® pressed

(b) TheoryI

FF

Voc

= without rec.
® with interface/bulk rec.
1 1 1 1

10 10°° 102 107" 10°
light intensity (sun)

103 102 107 10°
light intensity (sun)

Figure 7. a) Measured light-intensity dependence of the fill factor (FF) (left) and the open-circuit voltage (Vo) (right) for pristine (red triangles) and
pressed (blue dots) MAPbI; absorber layers. b) Theoretical expectations for FF (left) and the V,. (right) of ideal devices without any recombination
(black squares) and of devices with recombination (purple circles), after Glowienka et al.’® The lines in (a,b) serve as guide for the eye.

the V,. versus Ji plot and the J;. 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.”® Deviations from 1 indicate energy mis-
alignment and trap-assisted recombination at the interfaces.®%#!
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 a 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 a values of
~0.9 for our solar cells further support trap-assisted recombina-
tion being the dominant recombination mechanism at the inter-
face.B##* 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.®"

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 SnO, 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.
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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.®™ 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.®>8 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.”#8!
Furthermore, the presence of hydrates also reduces the barrier
for ion migration,® facilitating hysteresis in J-V curves of
corresponding PSCs,*” 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 MAPDI; 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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inertial separator unit were introduced into our setup, resulting
in dense and void-free MAPbI; films with thicknesses of ~1 pm.

The solar cells are fully working with champion device efficien-
cies >6% in backward direction. Here, the V,, (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 -V sweep
directions, especially the low Ji. values (7.6 mA cm™?) limit the
overall efficiency of our powder-processed devices.

We systematically analyzed our solar cell stacks and found that
the pristine MAPbI; 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
MAPDI; films to be on par with their typical solution-processed
counterparts.

While the harsh mechanical impact of the MAPDbI; powder
particles in the course of the PAD process appears to not alter
the SnO, 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 SnO, layer. This increase could be associated to an
increase in defect density within the SnO, due to the high
mechanical impact, and/or the incorporation of metallic Pb into
the SnO, (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 SnO, layer due to the PAD
process, optimized preparation methods and defect engineering
of the SnO;, 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 MAPbl;, 1.9 g
of the methylammonium iodide (MAI) reactant powder and 5.509 g of Pbl,
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(99%, Acros Organics) were added to 80 mL ZrO, milling jars under ambi-
ent conditions. Then, 8 mL cyclohexane as a milling agent and 25 ZrO,
milling balls with a diameter of 10 mm 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 20 min was implemented to pre-
vent excessive heating of the milling jar. The process was repeated until a
total milling time of 50 min was achieved. Afterward, the cyclohexane was
evaporated in air and the obtained black MAPbl; powder was sieved using
a mesh size of 63 pm.

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. SnO, nano-
particles (Alfa Aesar 15% in H,0) were spin-coated onto the clean sub-
strate at 3000 rpm for 30 s and the substrates were annealed at 180 °C for
30 min and again UV-ozone treated prior to perovskite deposition.

Solar Cell Fabrication: Perovskite Film Deposition: MAPbl; films were pro-
duced via PAD method using a custom-made apparatus. Prior to deposi-
tion, the mechanochemically synthesized MAPbI; 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 Lmin~"
were passed through the unit to generate the aerosol while the ejector was
fed with 20 Lmin~' to enhance acceleration of the aerosol through the
converging slit nozzle with orifice size of 10 x 0.5 mm. The substrate
to nozzle distance was set to 3 mm. The substrate was moved past the
nozzle 30 times at a velocity of 1 mm s™'. During deposition, a pressure
of 122 mbar resulted in the aerosol generation unit and 6 mbar 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 MAPbI; films for untreated
devices were blown off with nitrogen before the HTL layer was applied to
remove the loose MAPbI; particles on the surface.

Solar Cell Fabrication: HTL and Back Contact: Spiro-MeOTAD (Sigma
Aldrich) solutions (72.5 mg mL™" in chlorobenzene (CB), 17.5 mL Li-TFSI
[520 mg mL™" 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
12.5 mm? for each solar cell.

Solar Cell Fabrication: Pressing: Pristine MAPbl; PAD films were
hot-pressed with a homebuilt manual press (details on press setup in pre-
vious work).?®! The films were pressed with 25 MPa 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 10mm?” The scan rate for all measurements was set to
150mVs ™. 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 4x magnification and the emission was filtered
with a 561 nm long-pass filter before detection. The excitation fluence was
set to 300 njcm 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 N m™"). 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).®Y The samples were illuminated with 10 keV radiation (. = 1.24 A)
at an incident angle (a;) of 0.25° at room temperature. The beam size was
300 pm (height) x 700 pm (width). The scattering signal was captured on
a Pilatus 2M (172 ym pixel size, file format EDF, 1475 x 1679 pixels)
located 274 mm from the sample. Acquisition times were 10's for each
frame. After correction for Ewald-sphere curvature with Xi-CAM,®? the
2D data was reduced to 1D horizontal and vertical cuts using
customized Python scripts. The software DPDAK (v1.4.1)®*) 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-Ky radiation
(A =0.15406 nm) and Ge-K, monochromator in reflection mode was
used to acquire XRD patterns with a 20 step size of 0.008° in the 26 range
from 10° to 45° under ambient conditions. The X-ray source was operated
with 40 kV and 40 mA.

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 Il
photoelectron spectrometer (PHI). The excitation was provided by an
Al K a source (hv = 1486.6 eV) at a pass energy of 224 eV to achieve high
sensitivity. The X-ray beam had a diameter of 100 ym and a power of 25 W.
lon (Ar") 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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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.[! Copyright 2016, the authors. Published by MDPI
AG. b) Thickness of MAPDbIs films deposited via PAD using different gas flow.

Derivation of suitable PAD processing parameters

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

films with appropriate thickness, morphology and homogeneity.

For the aerosol generation, a low gas flow of 0.25 I/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 I/min and 20 I/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

S2
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thickness within a film. Consequently, we chose the maximum gas flow of 20 I/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.[

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.[2l Moreover, the substrate to nozzle distance seems

to have a rather small influence in the chosen range.?!

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 MAPbIs films without optimization of the aerosol generation

Figure S2: SEM images of rapidly grown MAPDbIs films deposited using highly
agglomerated mechanochemically synthesized MAPbIs 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 MAPbIls powder

Particles

Figure S3: SEM images of mechanochemically synthesized MAPbIs powder used for
PAD.

4  Phase purity of mechanochemically synthesized MAPbIs powder
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Figure S4: X-ray diffractogram of mechanochemically synthesized MAPbI3 powder. All
reflexes can be indexed to MAPbIz showing the phase purity of the powder!“.
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5 Deposition of MAPbIs 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.

to deposition b)
chamber

e

ejector teepiece inertial

separator

Vacc

aerosol
flask

collecting \4
tube

Vﬂask

Figure S5: a) Concept of the aerosol generation employing a tee piece as the ejector
unit. b) SEM image of a MAPbDIz 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.[>-12 This
coating is necessary to prevent the perovskite film from sticking to the press die. [57-
9121 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,[®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.[*3-15] 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.!¢! Using polyimide
foil as press die material, MHP films with promising optoelectronic properties have

been fabricated.[*”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 um, 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 MAPDI3z thin films can be reliably pressed with 25 MPa at 120 °C for
5 min (Figure 3a and previous work*! for details on press setup, entire time profiles of

pressure and temperature in Figure S7).

before pressing after pressing

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 MAPDIs film may stick to the foil. Bottom: Glass die without silanization
coating before (left) and after (middle) hot-pressing a MAPDbIs PAD film (right). Parts of
the MAPbIs PAD film have detached from the substrate and stick on the glass die.
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Figure S7: Time evolution of the applied pressure and temperature when pressing a
MAPDI3 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 MAPbIs 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

24h after fabrication
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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 MAPbIs solar cells with
pristine and with pressed PAD processed absorber layer measured 24h after
fabrication, values for forward direction in brackets.

type Vocin V Jsc in mA/cm? FF in% PCE in %
0.93+0.09 26+0.9 52 +12 1.3+0.8
pristine
(0.87 £0.12) (1.6 £ 0.6) (33+8) (0.5+0.3)
0.99 £ 0.01 4.1+1.4 63+6 25+0.7
pressed
(0.92 £ 0.06) (2.2+0.8) (29 +8) (0.6 £0.2)
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Table S2: Summary of solar cell metrics (mean values) for MAPDbIs solar cells with
pristine and with pressed PAD processed absorber layer measured 9 weeks after
fabrication, values for forward direction in brackets.

type Vocin V Jsc in mA/cm? FF in% PCE in %
0.90+0.11 7.2+3.1 52+9 35+1.8

pristine
(0.80+ 0.11) (2.8 £1.4) (21+7) (0.4 £0.3)
0.95+0.04 7.6+27 56 + 6 41+1.8

pressed
(0.87 £ 0.03) (3.9+1.8) (16 £ 6) (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) MAPDbIs
absorber layers as function of number of measurements of consecutive J-V sweeps.

S12

247



248

8 Prove of perovskite adhesion via scotch tape test

B

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 MAPbIs powder is visible which originates from loose and uncompressed
powder particles remaining on top of the film after PAD.

9 Details on the SnOz2 layer
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Figure S12: Height profiles of 1) a native SnO: layer serving as reference, 2) SnO2
layer after removing a solution-processed MAPDIs film, 3) SnO: layer after removing a
pristine MAPbIs PAD film, and 4) SnO: layer after removing a pressed MAPbls PAD
film.
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Figure S13: AFM topography images of a native SnO:2 layer and SnOz2 layers after
applying a MAPDIs film via PAD (and pressing) and removing the MAPDIs 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 SnO:2 layer serving as reference, 2) SnO: layer after removing a solution
processed MAPDbIs film, 3) SnO:2 layer after removing a pristine MAPblz PAD film, and
4) SnOz2 layer after removing a pressed MAPbIs 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 SnO: layers were

extracted via calculating the apparent Urbach energy Eu.app according to Ey,pp =

-1
(% [In(a —D)]) from the absorption spectra (a) 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.[2021] 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 SnO:2 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 SnO: layer
instead of fitting the absorption spectra directly with an exponential function as done
for the MAPDbI3s absorber layer in Figure 6. The extracted higher Urbach energies for
PAD treated SnO: layers suggest that the PAD-processing increases the energetic
disorder in the SnOz2 layer.
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Figure S15: XPS spectra of 1) a native SnOz layer serving as reference, 2) SnO: layer
after removing a solution-processed MAPDIs film, 3) SnO2z layer after removing a
pristine MAPbIs PAD film, and 4) SnO: layer after removing a pressed MAPbls PAD

film.
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10 Further details on the perovskite layer
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Figure S16: Ewald-curvature corrected 2D GIWAXS data of a) pristine and b) pressed
MAPDI3 thin films. The red lines mark the (110) & (002) double peak, which was
examined for the x analysis in the main text.

X analysis and single pixel intensity variations

To distinguish changes in orientation for the pristine and pressed MAPbDIs films the
samples were examined with a x 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 gr (in-plane of the sample) and 0° to the direction
along gz (out-of-plane of the sample). The upper limit of x 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 . = 0.083 A1.22 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 x 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 MAPDIs film is at 2.5k counts/pixel, while the median of the distribution
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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.
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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 MAPDI3 film.
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Figure S18: (a) X-ray diffractograms of mechanochemically synthesized MAPbIs
powder, pristine MAPbIs PAD film, and pressed MAPbIsz PAD film. All reflexes can be
indexed to MAPbIs showing the phase purity of the powder and the pristine film.[*l In
the pressed film only a negligible amount of Pblz 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 gr and gz 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 gr and g: direction. The
obtained lattice spacings d are plotted in Fig S19 on the left for gr and on the right for

gz.
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Figure S19: Lattice distances extracted from the (110) & (002) double peak along qgr
(left) and gz (right) for pristine and pressed MAPDIs thin films. The arrows indicate the
change in lattice spacings with pressing.
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11 Urbach Analysis
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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) MAPbIs 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).20211 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 a values
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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
MAPDIs PAD films. a values are extracted from the slope of the linear fitting.
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5 Appendix

List of Abbreviations

Abs
ASE
a-Se
CaTiOg
CB
CdTe
CsPbBrg
AP
DMF
ETL
FAI
GaAs
GIWAXS
HTL

IoT

LED
LSM
MAI
MA3BisIg
MAPDbBr3
MAPbDI3
MHP
NQR
PAD

Pb

PCE

PL

RT

SEM

Si

TRPL
VB

Voc
XRD

Absorption

Amplified Spontaneous Emission
Amorphous Selenium

Calcium Titanate

Conduction Band

Cadmium Telluride

Cesium Lead Bromide

Pressure Difference of Pressure Readjustments at Fixed Target Level
Dimethylformamid

Electron Transport Layer
Formamidinium

Gallium Arsenide

Grazing Incidence Wide-Angle X-ray Scattering
Hole Transport Layer

Internet of Things

Light Emitting Diode

Laser Scanning Microscope
Methylammonium
Methylammonium Bismuth Iodide
Methylammonium Lead Bromide
Methylammonium Lead Iodide
Metal Halide Perovskite

Nuclear Quadrupole Resonance
Powder Aerosol Deposition

Lead

Power Conversion Efficiency
Photoluminescence
Room-Temperature

Scanning Electron Microscope
Silicon

Time-Resolved Photoluminescence
Valence Band
Open-Circuit-Voltage

X-Ray Diffraction
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