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Deutsche Zusammenfassung

Eine der vielversprechensten aufstrebenden neuen Halbleiterklassen ist die Klasse der Metall
Halogen Perowskite. Solarzellen mit solchen Perowskiten als aktive Schicht stehen kurz vor
der Kommerzialisierung. Aber auch in anderen optoelektronischen Bauteilen, wie lichtem-
mitierenden Dioden (LEDs) oder Rontgendetektoren zeigen Perowskite vielversprechende
FEigenschaften, beispielsweise eine hohe Detektionssensitivitéit fiir Rontgenstrahlen.

Ein Grund fiir die schnelle Entwicklung und Verbesserung solcher perowskitbasierter Bauteile
war die Erkenntnis, dass die Struktur des Perowskiten und der Perowskitschicht groflen
Einfluss auf dessen optoelektronische Eigenschaften und damit auf die Funktionalitdt der ent-
sprechenden Bauteile hat. Durch Optimierung der Perowskit-Kristallisation, welche wiederum
Auswirkungen auf die finalen Perowskit-Filmeigenschaften hat, konnten so Bauteileffizienzen
fir bestimmte Herstellungsmethoden und Materialsysteme kontinuierlich verbessert wer-
den. Meistens fanden diese Optimierungsansitze durch praktisches Herumprobieren statt,
und nur die finalen Filmeigenschaften wurden untersucht. Da die Perowskitkristallisation
aber sehr sensitiv von den genauen Umgebungsbedingungen sowie dem verwendeten Mate-
rialsystem abhéngt, sind die gefundenen Optimierungsstrategien nur begrenzt auf andere
Herstellungsmethoden und Materialsysteme, und sogar auf andere Labore mit anderen Umge-
bungsbedingungen, iibertragbar. Um einen derartigen Transfer zu ermdglichen, muss zunéchst
die Perowskitkristallisation wihrend der Filmbildung besser verstanden werden.

Eine Methode, mit der die Filmbildung untersucht werden kann und die zunehmend populé-
rer wird, ist optische in situ Spektroskopie. Bei dieser Methode kann die Perowskitbildung
indirekt {iber die Anderung der optischen Eigenschaften des Perowskiten verfolgt werden, da
die optischen Eigenschaften des Perowskiten stark von dessen Struktur beeinflusst werden.
Um aus den wihrend der Filmbildung aufgenommenen Spektren die relevanten Informa-
tionen iiber die Filmbildung extrahieren zu konnen, ist daher ein prézises Verstdndnis des
Zusammenhangs der optischen Eigenschaften des Perowskiten und dessen Struktur notwendig.
Hierbei sind einige Aspekte der optischen Eigenschaften von Perowskiten, wie beispielsweise
der Ursprung mancher Lumineszenz-Banden oder der Einfluss struktureller Inhomogenitéten,
noch nicht génzlich geklart.

Aus diesem Grund wird in dieser Arbeit zunéchst ein besseres Versténdnis iiber den Zu-
sammenhang struktureller Anderungen im Perowskiten mit dessen optischen Eigenschaften

erarbeiten. Dieses Verstiandnis wird anschlieBend verwendet, um mittels optischer in situ
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Spektroskopie die Filmbildung des Perowskiten zu untersuchen und besser zu verstehen.
Kapitel 8-10 befassen sich mit den optischen Eigenschaften und deren Zusammenhang mit der
Struktur des Perowskiten. In Kapitel 8 und 9 habe ich dafiir Perowskit-Einkristalle mittels
Photolumineszenz-(PL-)Spektroskopie untersucht. Dabei war in Kapitel 8 das primére Ziel,
den Ursprung einer zusitzlichen PL-Bande zu kléren. Mittels verschiedener PL-Messungen
konnte ich verschiedene in der Fachwelt vorgeschlagene Ursachen fiir diese PL-Bande ausschlie-
Ben. Gestiitzt durch optische Modellierung konnte ich schlieflich zeigen, dass jene PL-Bande
durch interne Reflexion und Selbstabsorption der PL zustande kommt.

Mit der Kenntnis des Effekts von Selbstabsorption auf die PL-Spektren war es mir nun
moglich, in Kapitel 9 den strukturellen Phaseniibergang von MAPDbIs-Einkristallen mittels
temperaturabhéngigen PL-Messungen detailliert zu untersuchen. Hier konnte ich mittels des
optischen Modells aus Kapitel 8 die optische Signatur von strukturell verzerrten Einschliissen
der Raumtemperatur-Phase innerhalb der Tieftemperatur-Phase bis weit unterhalb der Tem-
peratur des Phaseniibergangs identifizieren.

In Kapitel 10 habe ich die optischen Eigenschaften von Perowskit-Pulvern mittels PL- und
Reflexionsmessungen untersucht. Hintergrund war hier die Frage, ob sich die optischen Ei-
genschaften von Perowskit-Pulvern von jenen ihrer Diinnfilm- und Einkristall-Gegenstiicken
unterscheiden. Im Zuge dessen konnte ich zeigen, dass sich mittels Anderung der Stéchio-
metrie des Perowskiten die Energie der Bandliicke gezielt verdndern lésst, wie es auch fiir
Dinnfilme bekannt ist. Weiter konnte ich das erste Mal zeigen, dass eine fiir Diinnfilme
etablierte Passivierungsmethode ebenfalls auf Perowskit-Pulver anwendbar ist.

Kapitel 11 ist ein Uberblicksartikel, in dem ich zunéchst die wichtigsten optischen Eigenschaf-
ten von Metall Halogen Perowskiten und deren Beeinflussung durch strukturelle Anderung
zusammengefasst habe. Hierbei sind einige meiner Erkenntnisse aus Kapiteln 8-10 einge-
flossen. Anschlielend behandelt das Kapitel, wie dieser Zusammenhang zwischen optischen
Eigenschaften und Struktur bisher genutzt wurde, um mittels optischer in situ Spektroskopie
die Filmbildung von Perowskit-Diinnschichten zu untersuchen.

In den Kapiteln 12-14 wird nun das in den vorangehenden Kapiteln generierte Wissen iiber den
Zusammenhang zwischen strukturellen Anderungen im Perowskiten und dessen optischen Ei-
genschaften genutzt, um mittels optischer in situ Spektroskopie die Perowskit-Schichtbildung
bei verschiedenen Prozessierungsmethoden besser zu verstehen.

Kapitel 12 untersucht dazu die Bildung von MAPbI3 Diinnfilmen mittels der sogenannten
Two-Step-Methode. Hier konnte ich mittels des Modells aus Kapitel 8 den Einfluss von
Selbstabsorption auf die PL-Spektren klar identifizieren. Dies erlaubte die Identifikation eines
Auflosungs-Rekristallisations-Prozesses, welcher eine wichtige Rolle fiir die Filmbildung spielt.
In Kapitel 13 wird nun die Filmbildung von MAPDbI3 mittels der sogenannten One-Step-
Methode unter Verwendung der im Labor meistverwendeten Rotationsbeschichtung und der in-

dustrierelevanten Spritzdiisenbeschichtung untersucht. Mittels optischer in situ Spektroskopie

vi



konnten wir zeigen, dass prozessbedingte Unterschiede in der Struktur der Losungsmittelkom-
plex-Phase dazu fiihren, dass sich das Perowskit-Wachstum bei der Rotationsbeschichtung
sowohl quantitativ als auch qualitativ von der bei der Spritzdiisenbeschichtung auftretenden
Perowskit-Kristallisation unterscheidet.

In Kapitel 14 wird schliellich die Bildung eines Perowskiten mit unterschiedlichen Haliden
mittels der Solvent-Engineering-Methode betrachtet, wobei der Einfluss der Temperatur des
Anti-Losungsmittels auf die Perowskit-Bildung und auf fertige Perowskit-Solarzellen unter-
sucht wird. Hier konnte ich zeigen, dass fiir kélteres Anti-Losungsmittel die Perowskit-Bildung
langsamer und die resultierende Perowskit-Schicht diinner ist. Weiter ergaben meine Analy-
sen, dass sich wahrend der Filmbildung das Halid-Verhéltnis im Perowskiten kontinuierlich
dndert. Dariiber hinaus konnte gezeigt werden, dass die mit kdlterem Anti-Losungsmittel
prozessierten Filme eine reduzierte Dichte von Defektzustidnden aufweisen, was auf eine
bessere Relaxation von mechanischen Spannungen in den entsprechenden Perovskitschichten

zuriickgefiihrt wurde.
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English Abstract

One of the most promising new classes of semiconductors is the class of metal halogen
perovskites. Solar cells with such perovskites as active layer are close to commercialization.
But perovskites also show promising properties in other optoelectronic devices, such as
light-emitting diodes (LEDs) or X-ray detectors, for example a high detection sensitivity for
X-rays, enabling lower X-ray doses for imaging.

One reason for the rapid development and improvement of such perovskite-based devices
was the awareness that the structure of the perovskite and the perovskite film have a major
influence on the optoelectronic properties of the perovskite and thus on the functionality
of corresponding devices. Accordingly, by optimizing the perovskite crystallization, which
in turn affects the final perovskite film properties, device efficiencies for specific fabrication
methods and material systems could be continuously improved. Mostly, these optimization
approaches took place through hands-on trial and error, and only the final film properties
were investigated. However, since the perovskite crystallization depends very sensitively on
the exact environmental conditions as well as the material system used, such optimization
strategies are only very limitedly transferable to other fabrication methods and material
systems, or even to other laboratories with different environmental conditions. To enable a
better transfer, the perovskite crystallization during film formation must be better understood.
One method that can be used to study film formation and that is becoming increasingly
popular is optical in situ spectroscopy. With this method, the perovskite formation can be
indirectly followed by changes in the optical properties of the perovskite, which in turn are
strongly influenced by its structure. In order to extract the relevant information about the
film formation from the in situ optical spectra, a precise understanding of the relationship
between the optical properties of the perovskite and its structure is necessary. Here, some
aspects of the optical properties of perovskites, such as the origin of some luminescence bands
or the influence of structural inhomogeneities, are not yet fully understood.

For this reason, this thesis will first develop a better understanding of the relationship of
structural changes of the perovskite and its optical properties. This understanding will then
be used to investigate and better understand the film formation of the perovskite using
optical in situ spectroscopy.

Chapters 8-10 deal with the optical properties and their relation to the structure of the

perovskite. In Chapters 8 and 9, I studied perovskite single crystals by photoluminescence
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(PL) spectroscopy. In Chapter 8 the primary goal was to clarify the origin of an additional PL
band. Using various PL measurements, I was able to rule out several origins for this PL band
which are proposed in the literature. Supported by optical modeling I could finally show that
that the additional PL band is caused by internal reflection of the PL and self-absorption
effects.

With the knowledge of the effect of self-absorption on the PL spectra, I was now able to
study the structural phase transition of MAPDbI3 single crystals in detail using temperature-
dependent PL measurements in Chapter 9. Using the optical model from Chapter 8, I was able
to identify the optical signature of structurally distorted inclusions of the room-temperature
phase within the low-temperature phase well below the temperature of the phase transition.
In Chapter 10 I investigated the optical properties of perovskite powders using PL and
reflectance measurements. I was interested in whether the optical properties of perovskite
powders are different compared to the ones of thin films and single crystals. In this study, I
could show that by changing the stoichiometry of the perovskite powders, the energy of the
band gap can be changed in a targeted way, as it is also known for thin films. Furthermore,
I was able to show for the first time that a passivation method that is established for thin
films can also be applied to perovskite powders.

Chapter 11 is a perspective article in which I first summarized the most important optical
properties of metal halide perovskites and how they are affected by structural changes. In
this article, some of my findings from Chapters 8-10 are included. The article then discusses
how this relationship between optical properties and structure has previously been used to
study the film formation of perovskite thin films using optical in situ spectroscopy.

In Chapters 12-14, the knowledge generated in the previous chapters about the relationship
between structural changes in perovskite and its optical properties is now used to better
understand perovskite film formation under different processing methods using optical in
situ spectroscopy.

To this end, Chapter 12 investigates the formation of MAPbDI3 thin films using the so-called
two-step method. Using the model from Chapter 8, I was able to clearly identify the
influence of self-absorption on the PL spectra. This allowed the identification of a dissolution-
recrystallization process, which plays an important role for the film formation.

Chapter 13 deals with the film formation of MAPbI3 using the so-called one-step method
using spin coating, which is most commonly used in the laboratory, and industrially relevant
slot-die coating. Using optical in situ spectroscopy, we were able to show that process-related
differences in the structure of the solvent complex phase caused the perovskite growth during
spin coating to differ both quantitatively and qualitatively from the perovskite crystallization
that occurs during slot-die coating.

Finally, in Chapter 14, the formation of a perovskite with mixed halides is investigated using

the solvent-engineering method, where the influence of the temperature of the antisolvent



on the perovskite formation and on finished perovskite solar cells is considered. I was able
to show that for colder antisolvent, the perovskite formation is slower and the resulting
perovskite layer is thinner. Further, my analyses revealed that during film formation the
halide ratio in the perovskite changes continuously. In addition, it was shown that the films
processed with colder antisolvent have a reduced density of defect states, which was attributed

to enhanced strain-relaxation in the corresponding perovskite films.
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1 Motivation

In view of advancing global warming, the need for renewable energies is growing. In this
context, solar cells have emerged as an important contributor to the world’s electricity
supply.'? By now, most of the solar cell panels consist of silicon as the active layer.!® With

an energy pay-back time (EPBT) of about one year,!?

and an energy return on energy
invested (EROI) over 10, silicon based solar cells already perform acceptably well.
However, in order to further increase the attractiveness of solar cells, there is an ongoing urge
for higher power conversion efficiencies (PCE) of such cells, e.g. in a tandem-cell configuration.
In such a tandem-cell, two solar cells with different band gaps are stacked on each other, and
thus the light in the blue and green spectral range can be used more effectively.*®> For such a
device to be attractive, the band gap of the additional active layer has to be tuned to an
optimum, which in turn depends on the band gap of the first active layer (e.g. silicon).*5
Additionally, the processing of the second layer should not introduce much additional energy
and additional costs into the production process, in order to keep the device economically
worthwhile.5

One class of material which fulfills these requirements (i.e., a tuneable band gap and energeti-
cally cheap processing) are metal halide perovskites (MHP). In tandem devices in combination
with silicon, MHPs have recently boosted the PCE above 29 %.7 But also in single-junction
solar cells, MHPs perform impressively well. Starting with a PCE of 3.8 % when first used in
a solar cell in 2009,% perovskite solar cells now reached a PCE of 25.5 % today, outperforming
today’s most widely used polycrystalline silicon solar cell technology.?” Moreover, perovskite
solar cells can be made very thin and can be processed on flexible substrates, which extends
the scope of application of such devices, e.g. towards flexible electronics or their usage in

aerospace.lo’n

Apart from solar cells, MHPs have also demonstrated good performance in LEDs214 or
X-ray detectors.'®17 Especially for the latter, the use of perovskites allowed to significantly

15717 which in turn allows for

improve device sensitivities compared to existing technologies,
lower doses in any X-ray based imaging.

A key to the fast development of perovskite-based devices, especially in the case of solar cells,
was the awareness that the structure of the perovskite strongly influences its optoelectronic
properties.'®22 Thus, the perovskite film quality and structure was steadily improved by

optimizing the perovskite processing, which in turn improved the optoelectronic properties of
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the perovskite layer.2!?2 This optimization of the perovskite processing was often performed
in an trial-and-error approach.?® Such an approach is problematic, since the perovskite
crystallization depends on many different parameters, e.g. the precise stoichiometry.?* That
implies that tedious optimization has to be performed for every material system. Additionally,
the influence of some parameters, such as solvent quality or the temperature of the solvent,
are often not considered in such optimization approaches, causing a significant variation of
perovskite layer properties from lab to lab.??

In order to move from such a labor-intensive trial-and-error optimization approach to a more
systematic optimization of the film properties, it is essential to study and to better understand
the perovskite film formation itself. Such an understanding would enable a targeted control
of the crystallization of the perovskite and the associated film formation.

One suitable method for investigating the perovskite formation during processing, which
recently became more popular in the field, is optical in situ spectroscopy.?® This method
benefits from the fact that the optoelectronic properties of the perovskite are strongly influ-
enced by the structure of the perovskite.'® 22 Accordingly, basis for a correct interpretation
of the evolution of the optical properties during film formation is a detailed knowledge of the
relationship between structural changes and the optical properties of lead halide perovskites.
Despite the rapid development and intense research in the field of perovskite and perovskite
solar cells, this relationship between the optoelectronic properties and the perovskite structure
is not entirely clear. Even some of the basic optical properties of neat perovskite samples,
such as the nature of the band gap or the origin of several photoluminescence (PL) peaks,
are still under debate.?40

From these considerations, it becomes obvious that it is highly desirable to better understand
the relationship between structural changes and the optoelectronic properties of halide per-
ovskites, and to elucidate the perovskite film formation based on this understanding. Both
aspects are therefore focus of this thesis.

To contribute to understanding the relationship between the optoelectronic properties and
structural changes in lead halide perovskites, I investigated the optical properties of lead
halide perovskite single crystals with different experiments based on linear and non-linear
PL spectroscopy, in combination with optical modeling. I focused on the origin of the
additional PL peaks mentioned above. In order to associate the insights gained from these PL
experiments with structural changes, I conducted temperature-dependent PL measurements
on a methylammonium lead iodide (CH3NH3PbIs or MAPbDI3) single crystal. MAPDI3 is
the probably best investigated lead-based halide perovskite and it has been shown that
its crystal structure changes with temperature.'®19:41-43 Further, I investigated the optical
properties of mechanochemically synthesized perovskite powders to see if they show special
optical properties compared to their single crystal and thin film counterparts. Based on

the knowledge about the relationship between structural changes and the optoelectronic



properties of lead halide perovskites that I gained in the previous studies, I investigated the
perovskite film formation using optical in situ spectroscopy. These studies consider different
synthesis routes, compare different processing routes for different solvent evaporation rates
systematically, and investigate the influence of the temperature of the antisolvent.

The thesis is structured in three parts. Part I gives an introduction to lead halide perovskites,
in which Chapter 2 describes briefly the history of metal halide perovskites, while Chapter 3
describes the current state of the field concerning the optical properties of lead halide per-
ovskites and their relationship to the perovskite structure. Chapter 4 then presents different
perovskite processing methods. Part II gives a more detailed overview of the individual
publications forming the thesis. Chapter 5 outlines the interconnection of my publications,
and Chapter 6 summarizes the content of each publication, and contains a subchapter about
the author contributions to each publication. Chapter 7 draws an overall conclusion of the
thesis. The publications are then reprinted in Part III, which also contains a full list of my

publications.






2 Brief History of Metal Halide
Perovskites

The term perovskite generally refers to materials with a ABXg3 crystal structure, like it is
shown in Figure 2.1. It is derived from the name of the Russian mineralogist Lev Perovski.4
While there exist several types of materials with such a crystal structure,** 47 the term
perovskite is often used synonymously to MHPs within the research field of MHPs, and
likewise within this thesis, if not stated otherwise.

In the case of MHPs, the A-side is a cation (e.g. MA™T), the B-side is a metal (e.g. Pb?T)
and the X-side is a halide anion (e.g. I7). If the A-cation is an organic molecule, the
perovskite is said to be a hybrid organic-inorganic perovskite (HOIP). Such perovskites were

84950 and investigated in more detail in the following years.’'5* The

first investigated in 197
first solar cell with a HOIP as active layer was reported in 2009.% In the following year,
the research field of MHPs increased remarkably, and solar cells now reach record power
conversion efficiencies of more than 25 %.% In addition to solar cells, MHPs have also found
application in other devices such as X-ray detectors'® 17 and LEDs,'> !4 showing promising
performance.

One reason for this rapid development is the relatively easy synthesis and processing of
MHPs, which does not require complex or expensive equipment.®® This renders the study of
MHPs available for a large number of research groups. Another reason is that the optical
properties of MHPs can be tuned to match the desired application, as outlined in Chapter 3.3.
These two facts made MHPs a very appealing research field for many groups with different
backgrounds, and the research field and the number of related publications grew immensely
in the last decade.?®



2 Brief History of Metal Halide Perovskites

Figure 2.1: Perovskite crystal structure. In the case of MHPs, A is a cation, such as methyl ammonium,
B is a metal, e.g. lead, and X is a halide, e.g. iodide. Reprinted with permisson from Green et al. [48]
Copyright 2015 American Chemical Society



Optical Properties of Lead Halide
Perovskites

The basic optical properties of lead halide perovskites can be well described in the framework
of solid state physics, and their characteristics are in many cases similar to such of conven-
tional inorganic semiconductors such as gallium arsenide (GaAs)."*® However, lead halide
perovskites differ from conventional inorganic semiconductors insofar that they are soft ionic

59-61 which incorporate the heavy lead atom. This leads to slight differences in the

crystals,
electrical and optical properties of lead halide perovskites compared to conventional inorganic
semiconductors, of which some aspects remain unclear to date.5?

The optical properties and and their relations to material properties which are relevant for

this thesis are depicted in more detail in the following chapters.

3.1 The Absorption of Lead Halide Perovskites

The optical absorption of inorganic semiconductors, and likewise lead halide perovskites, is
dominated by a band-to-band transition from the valence band maximum (VBM) to the
conduction band minimum (CBM). If this transition is vertical, i.e. if VBM and CBM are
at the same position in reciprocal space, the band gap is direct. In contrast, if they are at
different positions, the band gap is indirect.% For an indirect band gap, the transition from
VBM to CBM is assisted by phonons, which provide the necessary change in momentum
of the excited charge carrier. Since this indirect transition is a two-particle process, the
probability of this transition is lower than for a direct transition and additionally, it depends
on the phonon population. Therefore, the associated absorption of the indirect transition is
weaker and the absorption strength is temperature dependent.% It can be calculated that
in the approximation of parabolic bands (near the extrema), the absorption coefficient is
proportional to \/E — Ey for the direct band gap, and proportional to (E — E, + E,p)? for
the indirect band gap, with E, being the energy of the band gap and E,;, the energy of
phonons participating in the indirect transition.%*

In the case of lead halide perovskites, both conduction and valence band consist of orbitals
of the lead and the halide, which thus define the width of the band gap.®% There has been

an extensive discussion on whether the band gap of the most prominent halide perovskites



3 Optical Properties of Lead Halide Perovskites

- MAPbI3 and MAPbBr; - is direct or indirect.?” 3%%? Some optical properties, especially
long PL lifetimes and additional PL features, seemed to be in contrast to a direct band
gap.2728,70,71

prediction and experimental finding of strong spin orbit coupling and an associated Rashba
72-74

The presence of an indirect band gap was additionally supported by theoretical

effect, which leads to a splitting and shift of the conduction band in reciprocal space.
Yet, other properties such as large absorption coefficients and sharp optical absorption edges

75-78

are in contrast to an indirect band gap, and recent studies showed that both absorption

and PL - including the long PL lifetimes - can be well explained assuming only a direct band
gap.>7:69.79

One aspect that contributed to the uncertainty of the nature of the band gap was the use
of Tauc plots for determining the band gap energy.8%® In a Tauc plot, either the square of
the measured absorption in the case of a direct band gap, or its root in case of an indirect
band gap is plotted versus energy resulting in a straight line for the absorption near the band
gap E,. In an ideal case, a Tauc plot can therefore be used to distinguish between a direct
and an indirect band gap. The band gap energy E, can then be extracted by the crossing
point of a straight line fitted to the absorption with the energy axis. However, this method
fails as soon as there is some contribution of excitonic effects to the absorption spectrum?®°>7
(see below) and seemingly straight lines can be seen in both implementations of the Tauc
plot (i.e., plotting the square or the square root of the absorption).?384 In this case, the
determination of the band gap using a Tauc plot becomes to a certain degree arbitrary.

As mentioned above, excitonic effects change the spectral shape of the absorption from
the simple \/E — Ey or (E — E; + E,;,)? dependence. In general, an exciton is an excited
electron bound to a hole via Coulomb interaction.®> In inorganic semiconductors and MHPs,
this is from a quantum-mechanical point of view similar to the hydrogen atom. Likewise,
the Coulomb interaction results in a Rydberg series of bound states below the CBM, with
the exciton binding energy Ep, and additional continuum states of unbound but correlated
electron-hole pairs. These additional absorbing states superimpose with the pure band-to-band
transition, as can be seen in Figure 3.1.86 The resulting absorption spectrum can be described
by Elliot’s theory.8” Since the exciton binding energy of MAPbI; is small compared to thermal
energy at room temperature, the majority of excited charge carriers is expected to dissociate
into free charges very quickly at ambient temperatures, in agreement with experimental
results from, e.g., photocurrent spectroscopy and transient PL measurements.??88 91 For the
sake of completeness, it should be noted that the fraction of excitons over the total excitation
density depends on the available thermal energy and the overall excitation density.4?:9%93
Another feature of the absorption of not only lead halide perovskites but a wide range of solid
state materials is the presence of additional absorbing states below the band gap, so-called

tail state absorption.?* 6 If the spectral dependence of the absorption coefficient below the
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Figure 3.1: Decomposition of the absorption of a MAPbI3 film at low temperatures into the contributions
of the discrete exciton peaks (green), of the exciton continuum state (blue) and of the band-to-band
absorption without excitonic effects (red dashed) according to Elliot’s theory.®” Reprrinted with permission
from Ruf et al. [86], Copyright 2018 IEEE.

band gap is of the form

(E — Ep)

o E - E
a(E) = agexp < T 0

Ey

) won (552

over a wide range of a-values, these tail states are called Urbach tail with the steepness

(3.1)

paramter o, the Boltzmann constant kp, the absolute temperature 7', the Urbach energy
E, = 7, and ag and Ej being constants.”” This Urbach tail absorption is caused by electron-
phonon or exciton-phonon interaction as well as thermal and structural disorder.?%96.98
Investigating the Urbach tail absorption of a sample and its temperature dependence thus
reveals insights into the disorder and the electron-phonon interaction in the perovskite sample.
While there exist different theories about the exact mechanism that lead to Urbach tail

95,96,99-102

absorption, it is common to separate the Urbach energy into contributions from

thermal disorder and static/structural disorder, i.e.

EU(T7 X) - K[<U2>T + <U2>X]7 (32)

where K is a constant, (U?)r is the contribution of thermal disorder to the average square
displacement of the atom positions from their equilibrium position and (U?)x represents the
contribution of structural disorder to the average square displacement.?'03 For alloys, it was
also found necessary to include a contribution due to compositional disorder, (U?)c.1% Cody

and coworkers introduced a widely used analytic expression for Equation 3.2 by approximating

11



3 Optical Properties of Lead Halide Perovskites

the phonon spectrum by an Einstein oscillator model with temperature ©, yielding

O [1+X 1
Eu(T.X) = 2015 TP/ — 1]

(3.3)

Here, X is the mean square displacement of the atoms due to structural disorder, normal-

ized to the zero-point uncertainty, i.e. X = %2’; and og is the so-called Urbach edge

parameter.'% Equation 3.3 was found to describe the temperature dependence of the Urbach
energy of MAPbI; satisfactorily.'%

The fact that ag and Ejy in Equation 3.1 are temperature-independent constants has two
consequences: the first is that the Urbach tails of a sample measured at different temper-
atures form a bundle, i.e. their interpolations intersect all in one point, that is at «g and
Ey, the so-called Urbach focus point. This is shown in Figure 3.2a for GaAs.!%6 The second
consequence is that if a Urbach focus point exists, the band gap energy and the steepness of
the Urbach tail in one system depend on each other,'%3 as illustrated for GaAs and indium

phospide (InP) in the inset of Figure 3.2b.197
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Figure 3.2: a) The logarithm of the absorption coefficient a (thick solid lines) for GaAs in the temperature
range from 75 °C to 683 °C, together with exponential fits to the absorption (thin solid lines). Reprinted
with permission from Johnson and Tiedje [106] with the permission of AIP Publishing. b) Optical band gap
FE¢ and Urbach energy Eys, herein referred to as Urbach slope parameter Ey, as a function of temperature
for GaAs (solid symbols) and InP (open symbols). Solid lines represent fits obtained by the so-called
Einstein model (see Equation 3.3 for the case of Urbach energies). Adapted with permission from Beaudoin
et al. [107] with the permission of AIP Publishing.

After considering the basic features of light absorption in semiconductors, the following
part describes the temperature-dependence of the absorption of the prototypical lead halide
perovskite MAPbI3. The temperature-dependent absorption of MAPbIs was already reported

19,42,43

and described by several groups and shows the behavior depicted in Figure 3.3. Upon
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3.1 The Absorption of Lead Halide Perovskites

cooling from 300 K to 150 K, where MAPbI; is in its tetragonal phase,®' the absorption onset
shifts to lower energies and becomes steeper. Additionally, the peak at the absorption onset
becomes more visible. Between 150 K and 120 K, the absorption around 1.6 eV decreases
and a new peak around 1.7 eV appears. Upon further cooling to 5 K, this new peak shifts to

lower energies and increases in intensity until around 40 K, and decreases slightly for lower

temperatures.
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Figure 3.3: a) Absorption of a MAPDbI3 thin film in the temperature range from 300 K to 5 K. b) Spectral
zoom on the region of the band edge absorption. Own unpublished data.

As mentioned above, the distinct peak at the absorption onset is associated with excitonic
absorption.*?198 This peak becomes more distinct upon cooling, as the exciton binding energy
increases.’”® The changes in absorption between 150 K and 120 K are indicative for the
structural phase transition from the tetragonal to the low temperature orthorhombic phase.
In the case of thin films, both phases coexist in a certain temperature range.*?

The decrease of the band gap with decreasing temperature is special about lead halide
perovskite, since most semiconductors show the opposite behavior.103:199-111 Tpy general, the
change of the band gap with temperature depends on the electron-phonon-coupling, which
leads to an increase of the band gap with decreasing temperature, and on the lattice di-
latation, which leads to a decrease of the band gap with decreasing temperature..!8103:109
As MAPDI3 has a comparatively high thermal expansion coefficient, the lattice dilatation
contributes dominantly to the temperature dependence of the band gap.'® In contrast, the
electron-phonon-coupling dominates the temperature dependence of the band gap for most
conventional inorganic semiconductors.!%? A direct consequence of the decreasing band gap
with decreasing temperature and the presence of Urbach tail absorption is, that the Urbach

18,105

focus point is at lower energies than the band gap, and accordingly a minimum band

gap in the absence of any disorder can be estimated.

13



3 Optical Properties of Lead Halide Perovskites

3.2 Photoluminescence of Lead Halide Perovskites

In general, there are different transitions that can lead to photoluminescence (PL) after
photoexcitation. One of them is the recombination of free electrons in the conduction band
with free holes in the valence band, which is also referred to as band-to-band recombination
or bimolecular recombination.®® Since this process depends on the excess concentration of free
electrons n and holes p, e.g., induced by photoexcitation, the probability of recombination is
proportional to the product of both concentrations. Assuming the concentration of excess
electrons and holes to be equal, one can express the change in excess charge carrier density

by bimolecular recombination as

dn
— ) = —kon? 3.4
(dt )bi 2 (3.4)

where ks is the rate constant for bimolecular recombination.®%112 This rate constant is an
intrinsic material property and it is related to the absorption coefficient by the so-called
van Roosbroeck-Shockley relation.''® This relation is based on the principle of detailed
balance, which states that in thermal equilibrium, the rate of radiative recombination at a
certain frequency is equal to the generation of electron-hole-pairs by thermal radiation at the
same frequency. Also based on the principle of detailed balance, the spectral shape of the PL
resulting from a band-to-band transition can be related to the absorption of a material as

following: 14115

A(E)E?
exp[(E — Ap) /kpT] — 17

PL(E) x (3.5)

where A(FE) is the absorptance of the sample, T is the absolute temperature, kp is the
Boltzmann constant and Ay is the quasi-Fermi level splitting.!'®!17 Ay denotes the splitting
of the Fermi-levels of the electrons in the conduction band and of the electrons in the valence
band when both populations are treated individually. Since Ay is typically smaller than the
photon energies of the PL, Equation 3.5 can be simplified to

E Ap
PL(E) x A(E)E? — — 3.6
(B) < A(B)E exp 1 ) exp (1), (3:5)
where Ay only determines the intensity of the PL, but not the shape.''” Equation 3.6 implies
that the shape of the absorption of a material, especially the sub band gap absorption, can

105,116,117 511 vice versa.

be determined based on its PL spectrum
Another transition that can contribute to the PL spectrum is the luminescent recombination
of excitons. As briefly described in Section 3.1, an exciton is an electron bound to a hole by
Coulomb interaction. Based on the spatial extent of the exciton - or how strongly electron

and hole are bound - excitons can be grouped into Frenkel-excitons (small spatial extent,

14



3.2 Photoluminescence of Lead Halide Perovskites

118) and Wannier-excitons (large spatial extent, occur in

occur e.g. in organic semiconductors
inorganic semiconductors and lead halide perovskites).®*'9 Another necessary distinction
is between free excitons (FE) and bound excitons (BE). The term free exciton refers to

1.85 Free excitons can either

an electron-hole pair that can move freely through the materia
recombine resonantly or under emission of phonons. While the PL features for the different
free exciton recombinations show different lineshapes, they all have in common that their
intensity scales linearly within a wide range of excitation densities, i.e., over a wide range
of the charge carrier density.®> A bound exciton is an exciton which is bound to a defect
or impurity in the material. Because of the additional binding energy, its luminescence in
general appears at lower energy compared to its free counterpart.® Bound excitons typically

have a significantly higher oscillator strength than free excitons!?0:121122

and due to the large
spatial extend of free Wannier excitons, the excitons can be trapped efficiently to impurities
or defects. Therefore, the PL of bound excitons is typically significantly stronger than the
one of free excitons.®?

Aside from the band-to-band transition and from excitonic transitions, also defect-related
emission can contribute to the PL of a semiconductor. Such defects are e.g. point defects
such as impurity atoms, vacancy sites or interstitial sites. Commonly, The related PL spectra
are significantly broader than the PL spectra of excitons, due to a stronger electron-phonon
coupling at the defect sites.'?3 The intensity of defect-related PL obviously depends on the
concentration of available defects, and its contribution to the overall PL spectrum typically
decreases with increasing excitation density.'?4126 Additionally, the intensity of defect-related
PL is strongly dependent on temperature, because its internal quantum efficiency decreases
exponentially above a critical temperature T and is fairly constant below.!?3 This temperature-

127,128

dependence can be e.g. explained either by the so-called Seitz-Mott mechanism, where

defects change from a radiative to a non-radiative state by overcoming a potential barrier

129,130 where different

between ground and excited state, or by the Schén-Klasens mechanism,
radiative and non-radiative recombinations compete.'?3

The different dependency of the radiative and non-radiative recombination processes on the
charge carrier density has some important implications, not only for the shape of the PL
spectrum, but also for the transient PL and the PL quantum efficiency (PLQE). For example,
if we consider the PL of MAPbI3 around room temperature, which is due to bimolecular
recombination, the decay of the charge carrier density in the neat material can be described

by
dn

dt
where k; is the rate constant of defect-related Shockley-Read-Hall (SRH) recombination,

which is non-radiative at room temperature, and k3 is the rate constant of the non-radiative

= —kyn — kon? — k3n?, (3.7)

Auger-recombination.!'? While ky and k3 are material-specific, k; depends on the defect
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3 Optical Properties of Lead Halide Perovskites

density and is thus a measure for the sample quality. For high charge carrier densities
(i.e. in the case of transient PL shortly after sufficiently strong excitation), the decay of n
is dominated by Auger- or bimolecular recombination and the corresponding PL decay is
non-exponential. For lower charge carrier densities (long delay times), the decay is dominated
by k1 and the PL decay becomes approximately mono-exponential with the time constant
7 1/(2k1).117131 The situation is similar for the PLQE. With the bimolecular recombination

being the radiative transition, the PLQE 7 is given by

N kgn
N k1 + kon + k3n?’

n (3.8)
From Equation 3.8 it can be seen that for small n, n approaches zero. Likewise, for high n,
1 approaches zero as Auger-recombination, which is expressed in Equation 3.8 by the term
k3n?, becomes dominant. In between, 1 reaches a maximum value depending on the exact

132 From these considerations it becomes clear that the specification of

values of k1, ko and ks.
a PLQE without an exact value of the charge carrier density can only be seen as a lower limit
for the maximum PLQE. The exact charge carrier density is in turn hard to determine, since
diffusion of charge carriers can be significant, as stated in Section 3.4. Additionally to charge
carrier diffusion, effects such as photon recycling, which depend on light outcoupling and
thus on surface roughness and used substrate, can alter the PLQE as well as the transient
PL signal 1171337137 Therefore, even when measured under similar experimental conditions,
the comparison of the PLQY of different samples needs careful considerations.

For the sake of completeness it shall be noted that in Equation 3.7 the association of k1, ko
and k3 with SRH, bimolecular and Auger recombination, respectively, is only correct since for
lead halide perovskites, n = p is a valid approximation at typical excitation intensities. This
does not hold true in the case of strongly doped semiconductors, where it becomes important
to distinguish between low and high injection levels. Here, the approximation n = p is valid

at high injection levels.!3!

In the following, the temperature-dependent photoluminescence of MAPDI3 is described.
Figure 3.4 depicts examples for the temperature-dependent PL of a MAPbI3 thin film
(Figure 3.4a) and a MAPDI;3 single crystal (Figure 3.4b).88124 At room temperature, the
PL usually consists of one distinct peak around 1.6 €V (775 nm). This PL is associated

78,112,124,138,139 and can be well

with bimolecular band-to-band recombination of free carriers
described within the framework of the van Roosbroeck-Shockley relation.?” Upon cooling
to the onset of the tetragonal to orthorhombic phase transition (around 160 K), the PL
shifts to lower energies, in accordance with the spectral shift of the band-gap upon cooling
(see Chapter 3.1). Additionally, the PL peak becomes narrower and more intense. The

increasing intensity is also caused by an increase of the bimolecular recombination rate kg
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Figure 3.4: a) PL of a MAPbI3 thin film between 295 K and 8 K at high (red line) and low fluence (blue
line). Also shown is the transmittance (black dashed line) indicating the absorption onset. Adapted with
permission from Milot et al. [124], Copyright 2015 The Authors. b) PL (blue line) and photocurrent (PC,
red line) of a MAPDbI3 single crystal in the temperature range from 200 K to 40 K. Printed with permission
from Phuong et al. [88], Copyright 2016 American Chemical Society.

with decreasing temperature.?” Sometimes, an additional peak or shoulder at lower energies
can be observed in the PL of the tetragonal phase, and at the beginning of this thesis, there
was still no consensus of what causes its appearance.2?:30:32,33,35,37-39,140 Therefore, Chapter 8
carefully addresses the origin of this additional peak.

Upon and below the phase transition, the PL spectrum heavily depends on the sample
quality, e.g. defect density, and experimental conditions, such as laser fluence and associated
charge carrier density (Figure 3.4a, left column), and reported spectra differ from group to
group. 88124141142 yyring the phase transition, where tetragonal and orthorhombic phase
can coexist, it is possible to observe two PL peaks (Figure 3.4b, 120 K). The one at higher
energy is close to the band edge of the orthorhombic phase and is thus associated with PL
from the orthorhombic phase. The one at lower energy lies close to the PL of the tetragonal
phase. It is thus either attributed to PL from residual tetragonal phase or to defect related
PI,.88:125,143

At lower temperatures and sufficient high fluences, a narrow peak in resonance with the
excitonic absorption can be observed (Figure 3.4b, 40 K). This peak was identified as PL
from free excitons.®®14! Additionally, there are two slightly broader peaks about 10-20 meV

below the FE peak, which significantly gain intensity upon cooling. These peaks have been
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attributed to PL from bound excitons.314!1 At even lower energies, i.e. below 1.6 €V, there is
a broad PL feature which is associated with defect-related PL, e.g. PL from donor-acceptor
pairs.'1143 Due to the limited number of available defect states, the intensity of this PL
feature saturates with increasing excitation density (Figure 3.4a, 40 K).'43 As stated above,
the relative intensity of the different spectral features, as well as how distinct they appear in
the PL spectra, depends on the nature and quality of the sample and on the experimental

conditions.88’124’141’142

3.3 Influence of Stoichiometry

A very attractive property of halide perovskites is that their optoelectronic properties can
be tuned by varying the constituents and by mixing e.g. different halogens with different
stoichiometry. 4148 Especially the possibility to tune the band gap is beneficial for the use
of halide perovskites in applications such as photo-detectors, lasers or solar cells.!46:147,149-152
However, the choice of constituents is not arbitrary, but is constrained by their size. This is

expressed by the so-called Goldschmidt rule, which states that

o= ra+rx (3.9)

V2 (rg+rx) ’

with r; being the ionic radii for the A-, B- and X-side ions, respectively. « is the so-called
Goldschmidt tolerance factor (also often labeled as t), which exhibits values between 0.8
and 1.0 for stable perovskite structures.*> Additionally, the overall electric charge of the
unit cell must be neutral. For lead-based perovskites, the commonly used constituents that
fulfill both criteria are chloride (C17), bromide (Br~) and iodide (I7) as X-side ions, and
methylammonium ([CH3NH;]*t, MA), formamidinium ([NHz(CH)NHy]*, FA) and cesium
(Cs™) as A-side ions.!?3

As stated in Chapter 3.1, the halide and the lead contribute most strongly to the conduction
and valence band% % and are thus the obvious choice to change the electronic properties of
the material. At room temperature, the band gap of MAPDI3 is around 1.55 eV.145:154,155 Fx.
changing the iodide with bromide, the band gap increases significantly to about 2.35 eV 156158
By substituting bromide with chloride, the band gap increases further to around 3.15 €V,
i.e. into the ultraviolet spectral region.'®%:159:160 Thig increase of the band gap is associated
with decreasing lattice constants upon exchanging iodide with bromide and bromide with

chloride as halide anions.%161

Remarkably, by using a mixture of iodide and bromide for
the X-side ion, the band gap can be tuned nearly continuously from around 1.55 eV to

around 2.30 eV,14%:146:162 a1 from there onward to around 3.15 eV upon mixing bromide
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3.3 Influence of Stoichiometry

and chloride.'46-148:162 Thig i depicted in Figure 3.5 for MAPb(Br;_,Cl,)s, i.e. a mixture of
bromide and chloride as X-side ion. Note that the reported values of the band gap energies

can vary several tens of meV from group to group, also depending on how the band gap is

estimated. 47159 A problem of mixed-halide perovskites is that they tend to suffer from phase
63

segregation under illumination.’
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Figure 3.5: a) Absorption of MAPb(Br;_,Cl,)s thin films as a function of chlorine content z, normalized
to the excitonic absorption peak. b) Normalized PL, c) band gap energy (determined applying Elliot’s
theory) and (d) lattice parameter of MAPb(Br;_,.Cl,)s as a function of chlorine content. Adapted with
permission from Kumawat et al. [147], Copyright 2015 American Chemical Society.

Despite not directly contributing to the valence and conduction band,%>%® the exchange of
the A-side ion also impacts the optoelectronic properties of lead halide perovskites. This can
be understood in terms of different tilting angles between the BXg octahedrons and resulting

161,164,165 | o replacing

different bond lengths, depending on the choice of the A-side ion.
MA with FA in MAPbI; leads to a band gap narrowing to approximately 1.5 eV,'4? whereas
the usage of Cs increases the band gap to more than 1.7 eV.'4? Besides the band gap tuning,

the choice of the A-side ion can also effect the stability of the material, where mixtures of
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FA, MA and Cs are particularly promising for e.g. stabilizing the perovskite structure at
room temperature or for preventing halide segregation.!51,166-169

It becomes obvious that a huge variety of lead halide perovskites can be synthesized with
different optical properties and stability. Out of this variety, mixed-cation mixed-halide
perovskites have emerged as most successful material systems for highly efficient and stable

perovskite solar cells.151:170,171

Also lead-free halide perovskites for opto-electronic devices are a growing topic of research,

where promising materials are e.g. tin-based perovskites.!72 174

However, despite being
favourable over lead-based perovskites because of the reduced toxicity, lead-free perovskites
are up to today by far outplayed in terms of solar cell efficiency by their lead-containing

175-177

counterparts, with a current record efficiency of tin based perovskite solar cells of

14.6 %.178

3.4 Comparison of the Optical Properties of Single Crystals and
Thin Films

Although consisting of the same material system, the reported optical properties of halide
perovskites depend on the nature of the sample, i.e. if it is a polycrystalline thin film or
if it is a single crystal. Many of these differences can be associated with the difference in
crystallinity, sample structure and the influence of the substrate on which the thin films are
processed onto.

The most obvious difference between single crystals and thin films is the defect density. Due to
the slow and more controlled single crystal growth, the density of bulk defects is significantly
lower for single crystals than for solution-processed thin films.'46:179-181 Additionally, the
interface-to-bulk ratio is much smaller for single crystals than for polycrystalline thin films.
Since interfaces such as grain boundaries or the sample surface contribute strongly to the
defect density,'46:182 the defect density of single crystals is additionally lowered. This lower
defect density is in turn reflected in longer excited state lifetimes and enhanced PLQEs, as
becomes clear from Equations 3.7 and 3.8.

Another difference between singly crystals and thin films is the influence of the diffusion of
charge carriers on the optical properties. The diffusion of charge carriers in single crystals

179,183-185 § o significantly larger than

was reported to be on the length scale of several pm,
the absorption length of above band gap excitation (around 100 nm). That implies that after
(pulsed) excitation, a certain amount of charge carriers diffuses into the bulk, where they
recombine. As the PL has to travel several pm through the material prior to detection, the

high energy part of the PL is re-absorbed by the perovskite. Since the defect density in the
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bulk is typically lower than in the near surface region, the lifetime of the charge carriers in the
bulk is longer than near the surface, and a dynamic red-shift of the PL of some tens of meV on
the time scale of hundreds of nanoseconds can be observed in transient PL measurements.”®
In thin films, this effect is nearly absent, since typical film-thicknesses are on the length
scale of the excitation depth and the pathway that light has to travel through the material is
significantly shorter.”® As a consequence, also time-integrated PL measurements of single
crystals can show a red-shifted PL compared to the PL of thin films.

One difference between single crystals and thin films that is frequently suggested is that
single crystals seem to have a smaller band gap than their thin film counter parts.'86-189 This
statement is commonly based on transmission measurements of thick single crystals (in the
range of mm). The resulting absorption spectrum then shows a transparent region without
any detectable absorption at low photon energies, a steep rise of the absorption which then
flattens out to a more or less constant absorption value. However, the latter typically reflects
the sensitivity limit of the setup in use (i.e. the highest detectable optical density, limited e.g.
by the dark current of the detector), and thus this region of the spectrum does not contain
any meaningful information about the probed sample. The seemingly red-shifted band gap
of the single crystal is then concluded either from a comparison of the normalized absorption

189 or by use of a tauc plot.!86-188 Tt

spectrum with an absorption spectrum of a thin film,
should become clear from Section 3.1 that this conclusion is incorrect. Since the absorption
spectrum of a single crystal by transmission can only probe very small values of the absorption
coefficient due to the large thickness of the sample, the observed absorption onset is due to
tail state absorption, i.e. due to Urbach tail absorption and it contains no information about
the band gap. In contrast to the reports about red-shifted band gaps of single crystals based
on transmission measurements mentioned above, ellipsometry measurements and the identical
spectral position of the (self-absorption corrected) PL of single crystals and thin films suggest
that the band gaps of single crystals and thin films are identical.'®®199-193 However, it must
be pointed out that one recent study by Schuster et al. suggests a slightly lower band gap
in the bulk compared to the surface of a MAPbI3 single crystal by comparing results of
bulk-sensitive two photon induced photocurrent measurements and surface-sensitive transient
magneto-optical Kerr effect measurements.!4?

Finally, also structural phase transitions and their optical signatures are influenced by
the nature of the sample, i.e. differ between thin films and single crystals. For example,
for MAPDI3 thin films, the tetragonal to orthorhombic phase transition takes place in

19,42,125,143,194

a temperature window of several tens of Kelvin, whereas for powders, the

194,195

transition was found to be significantly sharper and for single crystal, it was found to

be quasi abrupt.'?6:1%7 The reason for this is that for polycrystalline samples such as thin
films and powders, each crystal has its individual phase transition temperature, which is

198

influenced by factors such as the defect density”° or stress, e.g. induced by the substrate in
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3 Optical Properties of Lead Halide Perovskites

case of a thin film.'* A further consequence of the influence of strain and defect density on
the phase transition is that also the main part of the phase transition of a sample can take
place at different temperatures depending on the nature of the sample. For example, the
critical temperature of the tetragonal to orthorhombic phase transition of MAPbI3 thin films

can be below 140 K, 199200 whereas for single crystals it was determined to be at 163 K.51,201
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4 Perovskite Processing Methods

Driven by the goal of achieving ever better device efficiencies, many different perovskite pro-

d.?%202 The most relevant methods today

202-206

cessing methods have been investigated and optimize
include solution-based thin film processing methods such as spin-coating or printing,

207210 and perovskite powder synthesis.?'' 213 While spin-coating or

thermal evaporation,
thermal evaporation are particularly suitable for achieving high quality thin films, e.g. for
solar cells,?03:296:210 the processing of perovskite powders are interesting for devices where
thick active layers are needed, such as X-ray detectors.!> 17

A key-role for the optimization of the different processing methods is the optical characteri-
zation of the perovskite, either in situ during the processing or ex situ after the processing.
The following two sections discuss shortly the processing methods that were investigated in
the framework of this thesis, namely solution-based processing of thin films and ball milling

as a synthesis route for perovskite powders.

4.1 Solution processing methods

For the solution processing methods, the final film quality depends on many parameters, such
as environmental conditions, processing temperature and the precursor solution.?!4 219 The
optimization of processing has lead to a variety of perovskite processing protocols, in part
due to slightly differing environmental conditions from lab to lab. While these processing
protocols differ in detail, they can be classified into three types of methods, that are the
two-step method, the one-step method, and the so-called solvent engineering method. These
three methods are illustrated in Figure 4.1.5°

In the two-step method (Figure 4.1, middle), the precursor salts (e.g. MAI and Pbly in case
of a MAPbI3 synthesis) are deposited in two separate processing steps.2%4218 Typically, in
the first step, the lead salt (BXg, e.g. Pbly) is applied onto a substrate, e.g. by spin-coating.
Depending on the desired solar cell architecture, this can be done onto a flat substrate or on
a mesoporous layer.29%220 In the second step, the AX salt (e.g. MAI) is brought onto the
sample. This can be done either by dripping a MAI solution onto the sample or by dipping
the sample into a MAI solution.204:205,218,220 While a significant amount of the lead salt can
already be converted to the final perovskite during this second step, the sample is annealed

afterwards in order to ensure full synthesis.?’4?20 The time at which the second step, i.e. the
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4 Perovskite Processing Methods

Perovskite Deposition by Solution Processing

One-Step Deposition

- =z &

Spin-coating of perovskite precursors Annealing

Two-Step Deposition

- =2 <z A=

Spin-coating of first precursor  Spin-coating of second precursor Annealing

Solvent-Engineerin,

Spin-coating of perovskite precursors Annealing
Antisolvent application

Figure 4.1: Schematic illustration of the different solution processing methods for lead halide perovskite
thin films: the one-step method (top), the two-step method (middle), and the solvent engineering method
(bottom). Adapted with permission from Vaynzof [55], Copyright 2020 The Authors.

AX solution, is applied and the duration of MAI exposure of the sample are important for a
good film quality.?942187220 For example, Barrit et al. showed that Pbly forms three different
solvate phases prior to forming a dry film.?? They investigated the influence of the state of
the Pbly film at the time of the addition of MAI on the perovskite formation and on resulting
device efficiencies. In their work, solar cells where MAI was applied during the latest solvate
phase but prior to the final Pbl, film showed the highest power conversion efficiencies.??? In
addition, the final film quality also depends on how MALI is applied onto the Pbly precursor
film, i.e. whether the Pbls sample is dipped into the MAT solution or the MAT solution is
applied onto the sample by spin coating.??!

A major conceptional drawback of the two-step method is that it is not possible to produce
perovskites with mixed stoichiometry, e.g. mixed halide or mixed cation perovskites.?®
However, this is well possible with the one-step and the solvent engineering method,??-206:222
where the latter is a further development of the one-step method. In the one-step method
(Figure 4.1, top), a single solution containing all precursors in the desired stoichiometry is
brought onto a substrate in one step, e.g. by spin-coating.??32%* Without further treatment,
the precursors often form a crystalline solvent complex phase, which can show poor substrate
coverage.??>?26 This structure is then also preserved in the perovskite phase, which forms
from the solvent complex phase upon annealing.??>2%7 To overcome this problem, many

different attempts were investigated to optimize the crystallization behavior and final film
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4.2 Mechanochemical Synthesis of Perovskite Powders

28 or the use

morphology, such as the use of different lead salts,'4* different solvent mixtures?
of additives.??” Depending on the details of the processing route, an annealing step can be
necessary to induce or complete the perovskite formation, where again annealing time and
temperature influence the final perovskite film quality.?'4

An important modification of the one-step method is the so-called solvent engineering method
(Figure 4.1, bottom).>2% Here, similar to the one-step method, the precursors are brought
onto the substrate in one single solution upon spin coating. After a certain time, a solidification
process is induced by the addition of an antisolvent, i.e., a solvent in which the precursors
are not soluble.?®2% Likewise to the other methods, the majority of the perovskite formation
takes place upon a subsequent thermal annealing step. For the solvent engineering method,
the time of antisolvent dripping plays a crucial role for the quality of the final perovskite film,
where late as well as too early dripping times were found to lead to poorer film quality.?3°
The optimum dripping time as well as the choice of a suitable antisolvent depends on the
perovskite stoichiometry and the solvents in use.?'%?3! Up to date, the solvent engineering
method is the most commonly used solution processing method for halide perovskite thin films
on a lab scale, as with this methods, the highest solar cell efficienfies can be achieved.?%170:232
The solution processing methods described above are insofar appealing as they do not require
complex and expensive equipment, and are thus easily accessible for many groups. A drawback
that is common for all three methods is that the perovskite formation is inevitably linked to
the film formation, i.e. it is not possible to optimize the perovskite formation and the film

structure separately.

4.2 Mechanochemical Synthesis of Perovskite Powders

An alternative processing approach is the synthesis of perovskite powder, which decouples
the perovskite formation and the perovskite layer formation. There exist several different

methods for the synthesis of perovskite powders, including mechanochemical synthesis,?12:213

233,234 235,236 and ultrasonic synthesis. 27238 The

thermal annealing, precipitation reactions
following paragraph introduces one implementation of the mechanochemical synthesis, that
is perovskite powder synthesis by ball milling, which is also subject of Chapter 10.

Figure 4.2 shows an illustration of the ball milling process. For this process, the precursor
powders (e.g. MAI and Pbls) in the desired stoichiometry are placed in a milling jar, together
with milling balls (see Figure 4.2a). This milling jar is then closed and put into the milling
machine (e.g., a planetary ball mill). In a planetary ball mill, the jar is mounted on a rotating
disc and additionally, the jar rotates around its own axis. By these movements, the milling
balls and the precursor powders toss against each other, which delivers enough energy for the
conversion of the precursor powders to the perovskite phase (indicated in Figure 4.2b).

The synthesis of perovskite powders and their processing have gained more attention in
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(b) MAPbI;
powder

Disk rotation (c)

(a)

Ball
movement

—) |

MAI/ Pbl, Milling balls

Jar rotation

Figure 4.2: lllustration of the ball milling process using a planetary ball mill. (a) The precursor powders
(MAI, white, and Pbls, yellowish) together with the milling balls in a milling jar. (b) Sketch of the milling
process. The thick grey arrows indicate the movement of the milling jar. (c) Milling jar with perovskite
powder after the milling process. Reproduced from Chapter 10.

the last few years, due to several advantages over solution processing of perovskites.?3%:240
For example, by the mechanochemical synthesis, limitations in perovskite stoichiometry due
to limited solubility of the precursors can be overcome.?*? Additionally, large amounts of
perovskite in the range of kilograms can be synthesized within several hours, depending on

the size of the planetary mill.24!
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5 Summary

The main aim of this thesis is to understand the relationship between structural changes
and the optical properties of lead halide perovskites, and how to use this understanding
to elucidate the perovskite film formation. The thesis adresses this issue in seven chapters,
which can be grouped into two main parts. The structure of the thesis is shown in Figure 5.1.
The first part deals with how structural changes influence the optical properties of lead halide
perovskites and consists of three research articles, which are presented in Chapters 8-10. In
Chapter 8, I investigated the optical properties of lead halide perovskite single crystals as a
model system. I used the knowledge gained in this work also for understanding the optical
properties of MAPbI3 single crystals in Chapter 9, where I systematically induced structural
changes by varying the temperature across the tetragonal to orthorhombic phase transition. I
then turned to polycrystalline samples in Chapter 10, where I investigated whether perovskite
powders show different optical properties compared to single crystals or perovskite thin films.
Chapter 11 builds the transition from the first part about the relationship between structural
changes and the optical properties of lead halide perovskites, to the second part, which is
about using this insight to elucidate the perovskite film formation. Chapter 11 is a perspective
article, which first summarizes optical properties of halide perovskites, including knowledge 1
gained in Chapters 8-10. Analysis approaches that have been shown to be relevant in the
context of in situ optical properties during the thin film formation are presented. The article
then summarizes how in situ optical spectroscopy was used in recent works to monitor and
to understand the film formation of halide perovskites, building a thematic introduction to
Chapters 12-14. Additionally, perspectives on how in situ optical spectroscopy can be used in
the future to better understand the perovskite film formation and processing are elucidated.
In the three chapters forming the second part, the knowledge gained from the previous works
is extended and applied to the in situ optical properties of lead halide perovskites during
film formation for different synthesis approaches. Chapter 12 focuses on the film formation
of MAPDI3 via spin-coating using a two-step approach, i.e., by applying a MAI-solution
to a Pbls-coated substrate. In Chapter 13, one-step spin-coating of MAPbI3 is compared
with industrially relevant slot-die coating, where the evaporation rate of the solvent was
systematically varied. In Chapter 14, the film formation of a perovskite with mixed stoi-
chiometry using the solvent engineering method is investigated, focusing on the influence of

the temperature of the anti-solvent on the film formation process and the final film properties.
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The following gives a brief summary of the content of the individual chapters forming
this thesis. A more detailed description is given in Chapter 6. In Chapter 8, I measured PL
of lead halide perovskite single crystals of different stoichiometry. For all samples, I observed
an additional PL peak at lower energies compared to the main PL peak in the tetragonal
phase and a similar feature in a small temperature window in the orthorhombic phase. As
this additional PL peak is controversially attributed to different origins, I addressed the
origin of this PL feature in detail. As a representative material system, I focused on MAPbDI3
single crystals for further analyses. Using a combination of further optical spectroscopy,
e.g. temperature-dependent two-photon induced PL, and optical modeling, T addressed the
different origins for this PL peak that were suggested in literature. By doing so, I was able
to elaborate that self-absorption enhanced by internal reflection of the PL - i.e., an optical
filter effect - causes the additional PL feature.

With the understanding of the effect of self-absorption on the PL spectra, I was now able
to investigate in detail the structural phase transition of MAPbI3 single crystals using PL
measurements, as presented in Chapter 9. I induced the tetragonal to orthorhombic phase
transition in MAPbDI3 single crystals by changing the temperature between 200 K and 100 K.
During the phase transition, several PL peaks appear and disappear so that the PL spectra
become complex, and the origin of the individual peaks is not always clear. By performing
PL measurements during the phase transition in different setup geometries, I identified two of
the PL features to result from self-absorption, similar to the additional PL peak in the pure
tetragonal and orthorhombic phases (see Chapter 8). By modifying the optical model that I
developed in Chapter 8 so that it allowed to consider two coexisting crystal phases, I was
able to characterize the phase transition of the MAPDI3 single crystal in detail. I found that
tetragonal and orthorhombic phase coexist in a temperature window of at least 40 K, despite
the sample being a nominal single crystal. Further, the tetragonal inclusions below the main
phase transition temperature are structurally distorted and their PL exhibits signatures of
quantum confinement, and act as efficient traps for the charge carriers in the orthorhombic
phase.

Motivated by the knowledge about the role of the structure on the optical properties, which I
gained in Chapters 8 and 9, I aimed to answer the question whether the optical properties of
perovskite powders deviate from their single crystal and thin film counter parts. Perovskite
powders are insofar interesting as they are needed for the fabrication of thick film devices such
as X-ray detectors, and their synthesis is easily upscalable. In Chapter 10, I investigated the
optical properties of perovskite powders with different stoichiometry, which were produced
by a mechanochemical synthesis approach via ball milling. I characterized the synthesized
powders using reflection and PL spectroscopy. With that, I was able to show that the band
gap of the perovskite powders can be tuned by changing the halide of the perovskite, in

o1



5 Summary

agreement with reported results about mixed halide perovskite thin films. Further, I was
able to demonstrate for the first time the successful defect passivation of perovskite powders
by adding potassium iodide to the educts. The successful passivation was manifested in a
significantly enhanced PL intensity and a slight shift of the band gap.

Forming a transition to the next part of the thesis, which is about using the optical properties
to elucidate the film formation, Chapter 11 summarizes the most important optical properties
of halide perovskites. I discuss related analyses and possible pitfalls in the context of in
situ optical spectroscopy during the film formation. After summarizing technical approaches
to in situ spectroscopy, the chapter continues with an overview of recent works, where in
situ optical spectroscopy was performed during the film formations. It is distinguished
between works, where the spectroscopy serves for the determination of timings during the
film formation, and works, where the spectroscopy is used in a more elaborated way to
understand the perovskite formation. Furthermore, perspectives on what should be addressed
in future works are given. For example, not only the film formation of MAPDbI3, but also
of perovskite with mixed stoichiometry, which are more relevant for solar cell application,
should be addressed. Additionally, the role of intermediate solvent complex phases on the
perovskite film formation should be investigated.

With the knowledge from Chapters 8-10 on the relationship of structural changes and the
optical properties of halide properties, which is in part also summarized in Chapter 11, I
investigated the film formation of halide perovskite thin films by measuring and understanding
the in situ optical properties during the film processing. In Chapter 12, the synthesis of
MAPDI;3 thin films using a two-step approach was monitored by optical in situ spectroscopy.
In this study, it was possible to divide the film formation into five time ranges I-V based on
the observed dynamics in PL and absorption. I analyzed the PL in range III and IV in terms
of self-absorption, using the optical model that I derived in Chapter 8. I was able to show
that in range III, the observed spectral changes can not be explained by self-absorption. This
enabled the association of the narrowing of the PL with a dissolution of small perovskite
grains showing quantum confinement, which in turn was explained by the formation and
dissolution of a perovskite capping layer. In range IV, the observed spectral changes in the
PL spectra could be indeed explained by self-absorption, and the film thickness extracted
from my analysis matched well with the one extracted from absorption. Thus, my analysis
was an important building block for the understanding of the film formation process.
While the synthesis of perovskite thin films using two-step spin coating is highly attractive
on a lab scale to obtain high quality thin films reproducibly, the applicability of this method
to upscalable techniques is limited. Therefore, Chapter 13 compares the one-step synthesis of
MAPDbDI3 thin films using spin and slot-die coating with the help of optical in situ spectroscopy.
By varying the rotation speed of the spin coater for the case of spin coating, and the air

pressure at an air knife installed next to the slot-die coater, the evaporation rate of the solvent
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was systematically changed. By doing so, we achieved comparable durations of the film
formation for both processing methods. Based on detailed analyses of the optical properties,
we were able to identify that the main perovskite formation is significantly slowed down and
delayed during spin coating as compared to slot-die coating. Additionally, the PL of the
perovskite in the spin coated samples showed signatures of quantum confinement during the
whole processing, which shows that the perovskite growth is spatially confined. We were
able to associate these differences to different solvent complex structures, where the solvent
complexes in the spin-coated samples showed very small crystal structures.

On a lab scale, the most relevant processing method to obtain high quality halide perovskite
films leading to high efficiency solar cells is the solvent engineering method. The formation
of a mixed stoichiometry perovskite using the solvent engineering method is investigated in
Chapter 14. In this study, the temperature of the anti solvent was varied in order to control
the wrinkling of the final perovskite film. Based on the optical in situ properties, I found
that with higher temperature of the anti solvent, the perovskite layer formation happened
faster, also resulting in thicker perovskite layers prior to annealing. Additionally, I was able
to identify a change of the halide ratio during the film growth. By considering the PL peak
shape, I was further able to distinguish the effect of changing halide ratio from the quantum
confinement effect occurring at the beginning of the film formation.

To conclude, in this thesis, I investigated the relation between structural changes and the
optical properties of halide perovskites in Chapters 8-10. I then used the gained knowledge to
successfully elucidate the perovskite film formation for different relevant solution processing

methods using in situ optical spectroscopy in Chapters 12-14.
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6.1 Double Peak Emission in Lead Halide Perovskites by
Self-absorption

Chapter 8 deals with the origin of an additional PL feature (herein referred to as Peak 2)
at lower energies compared to the commonly observed PL peak of lead halide perovskites
(referred to as Peak 1). At the beginning of this work, the origin of this additional PL feature
was under debate, as elaborated in more detail in Chapter 8. I measured the temperature-
dependent PL of perovskite crystals with different stoichiometry. Figure 6.1a shows the PL of
the different single crystals and of a MAPbI3 thin film at 200 K. All samples showed double
peak emission, which demonstrates that the appearance of Peak 2 is a general feature and not
limited to MAPDI3 or single crystals. However, for thin films, the additional feature is less
pronounced and less separated from Peak 1. The temperature dependent PL of a MAPDI3
single crystal is shown in Figure 6.1b. Both peaks became narrower and more intense upon
cooling. Peak 1 shifted to lower energies, in accordance with the reported behavior of the
band-gap upon cooling. In contrast, Peak 2 shifted in the opposite direction, i.e., to higher
energies. The other samples showed a similar behavior. Apart from that, I noticed that the
intensity of Peak 2 relative to the one of Peak 1 depends on the measurement geometry, such
as on the alignment of the laser or on the position of the sample.

To investigate the origin of Peak 2 further, I systematically addressed the effects which were
discussed in literature to cause Peak 2 by a combination of different optical experiments and
optical modeling. I focused on single crystals of the well-studied material system MAPDbDI3, if
not stated otherwise.

One explanation of the origin of Peak 2 is that it is due to an indirect band-to-band transition
coexisting with a direct transition, where the latter causes Peak 1. If an indirect band gap
existed below the direct band gap, cooling would favor trapping of the charge carriers in
the energetically lower valley of the conduction band, leading to an increase of the relative
contribution of Peak 2 to the PL spectra. Additionally, the intensity of the PL with an
indirect character, which is phonon-assisted should decrease at lower temperatures due to a
thermal decrease of the phonon population. I was able to rule out an indirect band-gap as a

cause for Peak 2 already from the temperature-dependent PL intensity, since the identical
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Figure 6.1: a) Normalized PL spectra of four different lead halide perovskite samples showing double
peak emission. b) Temperature-dependent PL of a MAPbIj; single crystal between 300 K (red) and 160 K
(orange). Reproduced from Chapter 8.

increase of the PL intensity of Peak 1 and Peak 2 upon cooling is at variance with the
expectation for an indirect transition competing with a direct transition.

As a next step, I addressed the role of defect states on causing Peak 2 with different experi-
ments. I considered surface defects by measuring the PL before and after surface passivation of
the single crystals with an electron donor (monothiophene) or an electron acceptor (benzoth-
iadiazole). If Peak 2 was due to surface defects, it should vanish upon successful passivation.
While the passivation with the acceptor had little effect on the PL, passivation with the
electron donor lead to a strong increase of Peak 1 and a slight increase of Peak 2. Thus, I
excluded surface defects as a cause for Peak 2. Further, I considered defects in the bulk,
which can be induced by strain, by comparing the evolution of the temperature-dependent
PL of a MAPDI3 thin film on a glass substrate with the one of a film on a PET substrate.
Due to the difference in thermal expansion coefficient of MAPDI3, glass and PET, cooling
should induce larger strain in the glass sample than in the PET sample. Larger strain in
the glass samples is underpinned by the tetragonal to orthorhombic phase transition being
at lower temperatures and in a broader temperature range, in addition to a smaller shift of
the PL peak upon cooling. I decomposed the PL spectra and considered the intensity of
Peak 2 relative to Peak 1. Since the relative intensity evolves similarly with temperature
for both samples, I excluded strain-induced defects as cause for Peak 2. I also addressed
strain-independent defects in the bulk by fluence-dependent PL measurements of a MAPDI3
single crystal. With increasing excitation fluence, defect-related PL intensity should saturate,
i.e., its relative contribution to the overall PL should become less. As I observed the opposite
behavior, I could also exclude strain-independent defects as cause for Peak 2.

Next, I investigated the influence of possible differences between surface and bulk. To do so, I

performed 2-photon-induced (2PI) PL measurements, where I set the focus of the excitation
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6.1 Double Peak Emission in Lead Halide Perovskites by Self-absorption

laser beam into the bulk of the perovskite crystal. By doing so, I excited only a volume
in the bulk of the crystal and could obtain the PL from the bulk. By comparison with
1-photon-induced (1PI) PL, I realized that the 2PI-PL was nearly identical to Peak 2 of the
1PI-PL measurements concerning spectral position and shape. To answer if this similarity
is due to differences in the electronic structure between surface and bulk or rather due to
self-absorption, I measured temperature-dependent absorption of the single crystals. Due
to the thickness of the samples, only a very small range of the absorption could be resolved
within the limitations of the setup. Notably, this onset of absorption coincided with the dip
between Peak 1 and Peak 2 in the PL spectra. Additionally, the temperature-evolution of
the absorption revealed a shift to higher energies upon cooling, likewise the PL peak shift of
Peak 2. By comparison with literature, it could be rationalized that the resolved absorption
is far in the Urbach tail, even below the Urbach focus point. All together, this is a strong
hint that Peak 2 is caused by self-absorption, and that optical path lengths in the material
must be on the length scale of the sample size, i.e., on a mm-range.

Such long path length even in 1PI-PL are only possible if PL is internally reflected at the
backside of the crystal. To investigate this hypothesis, I developed an optical model, which
considers self-absorption of PL and multiple internal reflections. The reflection probability
was estimated based on the refractive index of MAPbI3 and the surrounding medium, that
is air or helium. Within this model, I could reproduce the measured PL very well. Finally,
I tested this hypothesis by another PL experiment: I added a drop of glycerin to the back
of a single crystal. Since glycerin has a significantly higher refractive index than air, the
reflection probability at this interface decreases significantly, which should therefore also
decrease the contribution of Peak 2 in the PL. I measured PL before and after addition of
glycerin and indeed observed a drop of the intensity of Peak 2. Finally, I also considered the
change of reflection probability at the backside of the crystal by the addition of glycerin in
my optical model, which reproduced the resulting PL spectrum very well. This is shown
in Figure 6.2a. Based on all of my results, I concluded that Peak 2 is filtered PL, caused
by self-absorption and strong internal reflections of the PL. Accordingly, the observed PL
spectrum is a superposition of direct PL (Peak 1) and filtered PL (Peak 2), as shown in
Figure 6.2b.
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Figure 6.2: a) PL spectrum of a MAPbI3 single crystal in air at room temperature (black solid line)
together with the modeled PL considering perovskite air interfaces (black open squares). Also shown is
the PL spectrum of the same crystal with a drop of glycerin at the back (red line), together with the
modeled PL considering the perovskite glycerin interface at the back of the crystal (red open circles). b)
Decomposition of the modeled PL into the contribution of the direct PL from the surface of the crystal
and the filtered PL after self-absorption. Reproduced from Chapter 8.

6.2 Investigating the Tetragonal-to-Orthorhombic Phase Transition
of Methylammonium Lead lodide Single Crystals by Detailed
Photoluminescence Analysis

Based on the knowledge gained in Chapter 8, I was now able to investigate structural phase
transitions of perovskite single crystals in detail using PL measurements. In Chapter 9, I
therefore induced structural changes in MAPDI3 single crystals by changing the temperature
from 200 K to 100 K, i.e., around the tetragonal to orthorhombic phase transition temperature.
I measured PL in this temperature range and analyzed the PL with a modified version of the
optical model from Chapter 8.

The PL during the phase transition can be complex as multiple emission peaks can occur, and
the peak assignment is not always clear. In my PL measurements, I observed four different
PL peaks in this temperature range, where one could be unambiguously identified as the
PL of the orthorhombic phase, based on published studies on the PL of MAPbI3. With the
knowledge that I gained in Chapter 8, I was able to identify the contribution of filtered PL
(i.e., an additional PL peak caused by self-absorption) experimentally. As I realized in my
previous work that the relative contribution of the filtered PL to the PL spectrum depends on
the setup geometry, e.g. on the laser spot position or on the angle of the sample with respect
to the detection system, I recorded the PL during the phase transition in two geometries: one
with pronounced filtered PL and one with strongly suppressed filtered PL in the tetragonal
phase. Likewise the filtered PL in the tetragonal phase, two of the peaks during the phase
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6.2 Investigating the Tetragonal-to-Orthorhombic Phase Transition of Methylammonium
Lead Iodide Single Crystals by Detailed Photoluminescence Analysis

transition were strongly suppressed in the geometry with suppressed filtered PL. Thus, I
tentatively associated these two PL peaks with filtered PL. Figure 6.3 shows the PL in the
two geometries as well as their spectral difference for a) 160 K and b) 100 K.

To gain more insight, I modeled the PL spectra in the whole temperature range of the phase
transition. To do so, I modified the optical model which I derived in Chapter 8 insofar that it
can account for the coexistence of two different emitting species (e.g., co-existing tetragonal
and orthorhombic phase). With that model, I was able to identify the four peaks to be
tetragonal and orthorhombic PL, together with the filtered PL contributions of each phase.
By using Equation 3.5 for the line shape of the PL instead of an empiric lineshape function,

I was further able to extract the Urbach energies from fitting the PL data.
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Figure 6.3: a,b) PL of a MAPbI;5 single crystal in a geometry with strongly (black solid) and weakly
pronounced (black dashed) self-absorption effect, as well as the difference (orange) between both spectra at
a) 160 K and b) 100 K. c) Intensity of the tetragonal PL normalized to the value at 165 K (black squares)
together with the content of tetragonal phase in the crystal (orange circles) as a function of temperature.
The content of tetragonal phase at 155 K and 150 K as extracted from transmission measurements on
similar MAPbI3 single crystals from Chapter 8 is also shown (open black circles). The grey shaded area
indicates the upper limit of the content of tetragonal phase below 140 K. d) Temperature-dependence of
the tetragonal PL peak position. Reproduced from Chapter 9.

One remarkable result of the fitting is that it strongly suggests that orthorhombic and
tetragonal phase coexist down to about 120 K, although the sample is a (nominal) single
crystal. The co-existence of tetragonal and orthorhombic phase is known for perovskite
thin films, whereas the phase transition of single crystals was often assumed to be abrupt.

Another result is that, while the content of tetragonal PL decreases by about five orders of
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magnitude until 150 K, the relative tetragonal PL intensity only drops by about one order
of magnitude until 150 K, and another order of magnitude until 120 K (see Figure 6.3c).
This overproportionally strong tetragonal PL signal indicates an efficient energy transfer
from the orthorhombic phase to the tetragonal inclusions. Thus, the latter can be seen as
highly efficient traps for the charge carriers in the orthorhombic phase. The shift of the
tetragonal PL peak position to higher energies between 150 K and 120 K (see Figure 6.3d)
can be interpreted in the framework of quantum confinement. From doing so, it follows that
the size of the tetragonal inclusions is below the confinement limit, i.e., around 7-15 nm. In
combination with the obtained content of tetragonal phase and under the assumption that the
tetragonal inclusions are evenly distributed throughout the bulk, I estimated the density of
tetragonal inclusions to be about 3-10'2 ¢m =3 at 145 K. By considering the extracted Urbach
energies, | observed that while the contribution of thermal disorder to the Urbach energy
seems to be identical for the orthorhombic and the pure tetragonal phase, the tetragonal
inclusions show an enhanced Urbach energy at temperatures below the phase transition
temperature. This indicates that the tetragonal inclusions are structurally distorted by the
orthorhombic lattice.

With the understanding of the effect of self-absorption on the PL and associated optical
modeling, I was able to investigate the tetragonal to orthorhombic phase transition in great
detail. The coexistence of structurally different phases and the efficient trapping of charge
carriers by such structurally different inclusions is also a relevant aspect for perovskites with
mixed stoichiometries. In such systems, the role of structural homogeneity and its influence

on the optoelectronic properties is not completely clear.

6.3 High Versatility and Stability of Mechanochemically
Synthesized Halide Perovskite Powders for Optoelectronic

Devices

With the knowledge of the relationship of structural changes and optical properties of per-
ovskite single crystals that I gained in Chapters 8 and 9, I investigated perovskite powders in
Chapter 10. I was interested in whether the optical properties of perovskite powders deviate
from their single crystal and thin film counterparts. Perovskite powders are interesting since
their synthesis is easily upscalable, and they are used for thick layer applications, such as
X-ray detectors. Since for the application as X-ray detector, a low defect density of the
perovskite is desirable, I also wanted to investigate whether defect passivation strategies for
perovskite thin films can be adapted to perovskite powders.

The perovskite powders for Chapter 10 were synthesized by ball milling and characterized

by XRD and SEM measurements. The influence of milling time and educt grain size were
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6.3 High Versatility and Stability of Mechanochemically Synthesized Halide Perovskite

Powders for Optoelectronic Devices

investigated. A smaller reagent grain size lead to a shorter minimum milling time for a
complete conversion to the perovskite phase. Longer milling times lead to smaller agglomerate
sizes as well as smaller primary particle sizes. MAPbIs powder was stored for two and a half
years in a dry and inert atmosphere, without showing any signs of degradation, demonstrating
intrinsic stability of the material.

The versatility of the mechanochemical synthesis was demonstrated by synthesizing per-
ovskites with mixed stoichiometry. I characterized the powders with optical spectroscopy.
Since it is not trivial to obtain dense layers of perovskite powders, that are thin enough for
measuring absorption in a light transmission setup, I chose to measure the diffuse reflectance
of the perovskite powders. From the reflection data, I calculated the Kubelka-Munk function
F(R) = (1 — R)?/2R with R being the reflectance. For comparison with reported band gap
energies, I estimated the band gap energy of the powders by a tauc plot, where \/F(R)E is
plotted against the photon energy. Although the use of a tauc plot neglects the influence
of excitonic contributions to the absorption spectrum (see Chapter 3.1), it is sufficient for
a comparison with reported band gap energies, if those energies were also estimated using
tauc plots. Additionally to the reflectance measurements and band gap extraction, I also
measured the PL of the powders. Since measured and reported band gap energies and PL
peak positions match nicely for all investigated stoichiometries, I was able to show that the
band gap of perovskite powders can be tuned by changing the feed in ratio of the educts in
the ball milling process.

I also wanted to test whether it is possible to passivate the powders during the synthesis. For
that purpose and inspired by a recent report, potassium iodide (KI) was added to the reactants
for the synthesis of (FAPbI3)0.85(MAPDbBr3)o.15 and (Csg.05FAg.95PbI3)0.85(MAPbBr3)0.15.
With the knowledge that I gained in my passivation experiments in Chapter 8, I associated the
significantly increased PL intensity of the perovskite powders containing KI with a successful
defect passivation (see Figure 6.4). This was the first demonstration of the possibility to
passivate perovskite powders that are produced by mechanochemistry.

To test the applicability of perovskite powders in opto-electronic devices, different pow-
ders were pressed to pellets and photo-current measurements were conducted, where all
samples showed a clear photo-response. Additionally, for the use in perovskite solar cells,
mechanochemically synthesized powders were dissolved for solution-processing of perovskite
thin films by spin-coating. By this, highly uniform films were obtained, and the effect of KI

passivation was also seen in improved solar cell performances and a reduced hysteresis effect.
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Figure 6.4: Reflectance (top) and PL spectra (bottom) of the pure (dashed line) and Kl passivated
perovskite powders (solid line). Reproduced from Chapter 10.

6.4 Using In Situ Optical Spectroscopy to Elucidate Film

Formation of Metal Halide Perovskites

Optical spectroscopy is a very useful tool to study and to understand the thin film formation
of halide perovskites. However, to gain proper insights into the film formation from in
situ optical spectroscopy, a detailed knowledge of the relationship of optical properties
and structural changes in the perovskite, like the one I gained in Chapters 8-10, is crucial.
Therefore, Chapter 11 deals with how in situ optical spectroscopy can be used and was used
so far to investigate the film formation of metal halide perovskites.

First, I summarized the optical properties of halide perovskite, which are relevant for the
in situ optical spectroscopy and set them in context with the film formation. Here, I also
included some of my results and much of the knowledge I gained from Chapters 8-10. The
section starts with the spectral shape of absorption and PL, and continues with the relation
of the quasi-Fermi-level splitting and the PL quantum efficiency (PLQY). I briefly addressed
the importance of the knowledge of the charge carrier density when measuring and comparing
PLQY of different samples. After discussing the material-specific optical properties, I focus
on optical properties that depend on the structure of the sample. These contain the signature
of white light interference, e.g., at a thin solvent layer, in the absorption spectra, the influence
of incomplete substrate coverage on the absorption spectra, the influence of self-absorption
on PL as observed in Chapter 8 and 9, and the effect of quantum confinement on the PL, as
also observed in Chapter 9. Additionally, I briefly discuss the effect of stoichiometry on the
band gap of the perovskite, as also observed in Chapter 10

The chapter continues with a section on the technical approaches for performing in situ
optical spectroscopy. This section also considers the detection and excitation system used in
Chapters 12-14. Limitations of the different approaches, related to the temporal resolution

that is required to monitor the film formation, are also discussed.
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6.5 Investigating two-step MAPbI3 Thin Film Formation during Spin Coating by

Simultaneous In Situ Absorption and Photoluminescence Spectroscopy

In the next section of Chapter 11, a summary of how in situ optical spectroscopy is used to
track and understand the film formation of halide perovskites is presented. This summary
is grouped in works where the in situ spectroscopy is used to determine timings in the film
formation, e.g. an optimum annealing time, and works where one or more optical properties
are monitored and analyzed to gain deeper insight into the film formation. Here, also some of
the optical properties and related analyses that are discussed in the beginning of Chapter 11
are used, and Chapter 12 is included in the summary of recent works as well.

After presenting the state of the art of the usage of in situ optical spectroscopy to study
the film formation, the chapter closes with giving some future prospects, i.e., aspects that
should be adressed in the future. These contain the investigation of more complex material
systems, i.e., systems with complex stoichiometry, and the consideration of the role of solvent
complex phases on the perovskite formation. The film formation of a perovskite with complex
stoichiometry is investigated using in situ optical spectroscopy in Chapter 14, and Chapter 13
addresses the role of the solvent complex phase on the perovskite formation in spin and

slot-die coating.

6.5 Investigating two-step MAPDbI; Thin Film Formation during
Spin Coating by Simultaneous In Situ Absorption and
Photoluminescence Spectroscopy

Having understood the steady state optical properties of different perovskite samples in
Chapters 8-10, I now used this knowledge for investigating the film formation of halide
perovskites by in situ optical spectroscopy. A method for reliably obtaining perovskite films
of good quality is the two-step method (cf. Chapter 4.1). Therefore, the film formation
of MAPbI3 upon spin-coating using the two-step method is investigated by in situ optical
spectroscopy in Chapter 12.

In this work, the two-step method was realized by dropping a MAI solution onto an annealed
Pbl, layer. PL and absorption spectra were recorded quasi-simultaneously with the home-
built setup that is also described in Chapter 11, with a frequency of 11 Hz, ensuring a
sufficient temporal resolution to monitor the film formation. Based on the evolution of PL,
which is shown in Figure 6.5, and absorption during the spin-coating process, five different
time ranges were identified.

In time range I (Figure 6.5, top panel), that is within the first 1.4 seconds after addition
of the MAI solution, there was already PL of the MAPbI3 phase detectable, but at higher
energies than expected for the bulk PL and additionally, the PL peak was asymmetrically
broadened. The PL peak quickly shifted to lower energies during range I. No signatures of
absorption of MAPbI3 were visible in this time range. The fast shift of the PL during range 1
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was associated with a decreasing quantum confinement effect due to the growth of small
perovskite crystallites. In this framework, also the evolution of the crystal size and a crystal
growth rate could be calculated. The determined crystal size at the end of time range I
nicely connects to the one extracted from the OD in the next time range. This indicates the

formation of a dense perovskite layer which is monocrystalline in the vertical direction.
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Figure 6.5: Evolution of PL during two-step spin coating. Top: normalized PL within the first 1.4 s
(range 1) and at 6.0 s (during range Il). Middle: normalized PL from 9.1 s (black line) to 12.6 s (red line)

(range Il1). The difference between the spectra at 9.1 s and 12.6 s is shown in grey. Bottom: normalized
PL from 12.7 s to 14.5 s (range IV). Reproduced from Chapter 12.

During the following time range II, which extends to about 9 seconds after the addition of
MALI, the PL and absorption remained constant. This is a result of the formation of the thin
MAPDbDI3 capping layer on top of the Pbly layer in time range I, hindering the MAI solution to
penetrate the Pbls layer and thus suppressing further perovskite formation during range II.
In range III (Figure 6.5, middle panel), ending at about 12 seconds, the PL became narrower
on the high energy edge, while peak position and low energy edge remained constant. Since
the high energy edge of the PL overlaps spectrally with the absorption spectrum, such a
change of the spectral shape of the PL could in principle be caused by self-absorption. To test
this hypothesis, I applied the optical model that I developed in Chapter 8 to the experimental
data. Since the qualitative behavior of the PL spectra could not be reproduced assuming

self-absorption effects, I was able to show that the observed PL behavior during range 111
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6.6 Understanding Differences in Crystallization Kinetics Between Slot-Die Coating and
Spin Coating of MAPbIs Using Multimodal In Situ Optical Spectroscopy

was not caused by self-absorption. This suggested that the changes in PL line shape were
due to a decreasing number of quantum-confined grains. Since the difference spectra, i.e., the
spectral difference between PL during range IIT and at the end of range III, did not change
their shape, it was inferred that the MAPbI3 capping layer dissolved during this time range.
In range IV (Figure 6.5, bottom panel), the absorption of the perovskite increased drastically,
and concomitantly, the PL shifted to lower energies and the relative PLQY decreased, both
following nicely the increase in absorption. Using my model from Chapter 8, I was able
to associate this peak shift to a self-absorption effect. By fitting the modeled PL to the
experimental PL data, I extracted the evolution of the perovskite layer thickness. The
resulting values agreed nicely with the film thickness extracted from the optical density.
Based on the increase of the absorption, a fast perovskite growth rate of 445 nms™! was
estimated.

After about 15 seconds (start of range V), the film formation appeared to be finished, as no
further changes in the optical properties occur. In this study, the simultaneous consideration
of PL and absorption, in combination with detailed analyses, enabled the development of a

complete and detailed picture of the film formation processes.

6.6 Understanding Differences in Crystallization Kinetics Between
Slot-Die Coating and Spin Coating of MAPbI; Using
Multimodal In Situ Optical Spectroscopy

The two-step method investigated in Chapter 12 offers good control over the perovskite
film formation and is well suited for obtaining high quality thin films on a laboratory scale.
However, for large scale fabrication of perovskite thin films, e.g., with roll-to-roll printing
techniques, the conceptionally more simple one-step processing is more relevant. Therefore, 1
now wanted to investigate the perovskite formation upon one-step processing. Additionally,
large-scale processing is not possible using spin coating but using printing techniques such as
slot-die coating. It is generally observed that devices processed with printing techniques tend
to show a lower device efficiency than comparable spin coated devices. This efficiency loss is
associated with differences in the final perovskite layer properties. However, the reason for
these differences is not completely understood by now.

To contribute to this understanding, we used in situ optical spectroscopy for investigating and
comparing the formation of MAPbI3 thin films in an one-step synthesis using spin coating
and slot-die coating in Chapter 13. To obtain comparable duration of the film formation for
both processes, we varied the evaporation rate of the solvent by changing the rotation speed
of the spin-coater and the air-pressure at an air knife next to the slot-die coater.

In this study, we were also interested in the role of the solvent complex phase in the film
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formation, which often forms prior to the perovskite phase during one-step processing, thereby
addressing one of the future prospects elaborated in Chapter 11. These solvent complexes,
from which the perovskite phase forms by removal of the solvent molecules, are optically
inactive. However, since they form crystalline structures on a length scale of several nanometer
to micrometer, they scatter light. Accordingly, for monitoring the complex phase formation,
we also recorded the light of an external LED (referred to as scatter-LED), that is scattered
at the sample in the case of spin coating. For slot-die coating, the room light was used instead
of the scatter-LED due to practical reasons.

In the first part of Chapter 13, the recorded in situ data during spin coating are presented
and our analysis approaches are explained. We extracted the temporal evolution of the PL
peak position, as well as the PL peak width, the OD at 1.8 ¢V (i.e., above the band gap of
MAPbDI3; referred to as OD1 g o) and the integrated intensity of the scatter-LED (Igcatter)-
To separate the contributions of scattering and absorption to the OD; g .y, I subtracted the
OD at 1.575 eV, which is below the band gap of MAPbI3 and thus only contains contributions
from light scattering, from ODy g .y. This difference is referred to as AOD and it is a measure
for the absorption of the perovskite. The time evolution of these parameters is shown for
selected spin speeds in Figure 6.6a-d.

Based on the temporal evolution of these optical properties, which is qualitatively identical
for all rotation speeds, we identified three formation phases. First, the solvent complex phase
forms, which is followed by a first, short perovskite crystallization (referred to as pero;), and
a second, slower perovskite crystallization (peroy). For describing the phase formations in a
quantitative manner, I extracted critical times and temporal widths of the different phase
formations from the temporal evolution of the different optical properties, similar to the
approach in Chapter 12. This is also shown for the spin speed of 2000 rpm in Figure 6.6f-h.
To gain more details about the perovskite crystallization kinetics, I calculated average grain
sizes of the perovskite grains from the PL peak position and estimated perovskite growth
rates based on my experiences with quantum confinement from Chapters 9-12. The evolution
of the calculated average grain size is shown in Figure 6.6e. Here, I found a significant
reduction of the growth rate at the transition from the pero; to the peros formation. This
indicates that during the peroy formation, the perovskite growth is slowed down in at least
one spatial direction before outgrowing the quantum confinement limit of about 20 nm.

As a function of spin speed, we found that critical times and width of the individual transitions
decrease and the determined perovskite growth rates increase with increasing spin speed.
To investigate possible spatial limitations for the growth of the complex phase, I calculated
the thickness of the solvent layer based on the spectral signatures of white light interference,
which we observed in the OD prior to the complex phase formation. There, I found that
the solvent layer thickness decreases rapidly to about 1 pm just before the formation of the

complex phase.
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Figure 6.6: a-d) Time evolution of different optical parameters for spin coating with spin speeds of
2000 rpm (dark green), 800 rpm (green) and 500 rpm (light green). a) PL peak position, with the grey
shaded area indicating the spectral range where the PL intensity is above 1/e of the peak intensity. b)
Integrated intensity of the Scatter-LED, lscqtter- €) OD at 1.8 eV. d) AOD, i.e. the difference of the
OD at 1.8 eV and at 1.575 eV. Vertical dashed lines indicate the onsets tg of the different crystallization
processes. e-h) analyses of the optical parameters for spin coating at 2000 rpm. e) Average crystallite size
determined from the PL peak position. f) The derivative of lgcqtter- g) The derivative of ODq gy and h)
AOD together with fits (green lines) as for extracting critical times and temporal widths. Dashed vertical
lines indicate the critical times t. of the different crystallization processes. Reproduced from Chapter 13.

In the next part of Chapter 13, we present and analyze the in situ optical properties of
the MAPDI3 films slot-die coated with different air pressures at the air knife analogously
to the data of the spin coated films. In contrast to spin coating, we did not observe any
signatures of white light interference in the spectra taken during slot-die coating, indicating
that the solvent layer is significantly thicker prior to the solvent complex phase formation.
Additionally, we observe only one perovskite formation, and the PL peak position saturates
quickly at the PL peak position of bulk MAPDbIjs, indicating that the perovskite domains
outgrow the confinement limit fast. With increasing air pressure at the air knife, we found
that critical times and widths decrease, while the growth rate determined from the PL peak
shift increases.

A challenging step was now to compare the film formation dynamics for both processing
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methods in a quantitative way. After careful consideration of the different extracted quanti-
ties, we found that it is most suitable to display the film formation kinetics as a function
of the temporal width of the complex phase formation Weompier- Considering At,, which is
the difference of the critical times t. of the perovskite formation and the solvent complex
phase formation, and the temporal width of the perovskite formation wye,, as a function of
Weomplezs We found that the perovskite formation observed during slot-die coating behaves
similar to the pero; formation during spin coating. Additionally, the perovskite growth rates
extracted from the PL peak shift during the pero; formation and at the beginning of the
perovskite formation upon slot-die coating match nicely for similar widtheompies- In contrast,
the peroy formation occurs significantly delayed and slower, as inferred from At., Wpero2 and
the extracted growth rates.

All the results indicate that the pero; crystallization is similar to the perovskite crystallization
during slot-die coating, while the peros formation is spatially restricted and slowed down. To
find the cause for the hindered peros formation, we recorded optical microscopy and SEM
images of different films. Microscopy images of as cast films with similar width.,mpe, sShow a
flatter morphology in the case of spin coating than for slot-die coating. SEM images further
revealed that the solvent complex structures of spin coated films show many small grains on
the scale of tens of nanometer, while naturally dried films showed solvent complex structures
with crystal sizes in the micrometer range.

Based on our results, we could propose the following processes during film formation, which
are also sketched in Figure 6.7. The complex phase formation starts identically for both
processing methods. However, due to the lower solvent level in case of spin coating, the
complex phase is spatially confined to a flat morphology, as evidenced by microscopy images.
This leads to overall smaller grain sizes on the scale of the quantum confinement limit of
MAPbDI3, as can be seen from SEM images. In case of slot-die coating (with the conditions
used in out experiments), the complex phase is not limited significantly by the solvent level,
resulting in larger grains. When the perovskite phase starts to form in the complex phase, it
can initially grow freely for both processing methods. However, in case of spin coating, as
soon as the perovskite phase reaches a grain boundary of the complex phase, the perovskite
growth is significantly slowed down in this spatial direction. This can be seen from the
persisting quantum confinement effect in the PL spectra, the reduced growth rate and the
larger width of the peros formation.

In summary, based on the detalied analyses of the multimodal optical in situ spectroscopy,
we were able to draw a complete picture on the different crystallization behaviors during spin

and slot-die coating.
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Figure 6.7: a—e) lllustration of the crystallization processes occurring during spin coating (left) and slot-die
coating (right) on a relative time axis, which is normalizes to the duration of the complex phase formation.
Precursor solution is depicted in yellow, solvent-complexes in beige and perovskite nuclei in brown. f,g)
SEM images f) of a spin-coated MAPbI3 thin film and g) of a film obtained by drop casting. Reproduced
from Chapter 13.
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6.7 How Antisolvent Miscibility Affects Perovskite Film Wrinkling

and Photovoltaic Properties

In Chapter 12 and 13, the film formation of the model system MAPDI3 with the very control-
lable two-step method and with the upscalable one-step method was investigated. However, on
a lab-scale, record efficiencies of perovskite solar cells are achieved when the perovskite films
are fabricated using the solvent engineering method. Additionally, for such record efficiencies,
typically perovskites with mixed stoichiometry, such as (FAPbI3)g.875(CsPbBr3)g.125, are
used. Such perovskite films sometimes show a wrinkled morphology, where the cause and the
role of this wrinkled surface structure for the optoelectronic properties of the perovskite is not
clear. Additionally, the influence of the mixed stoichiometry on the film formation dynamics
have rarely been investigated, as stated in Chapter 11. Therefore, the film formation of
(FAPDI3)g.875(CsPbBrs)o 125 using the solvent engineering method is investigated by in situ
optical spectroscopy in Chapter 14.

To study the film wrinkling in detail, the chapter starts with a systematic investigation of
the influence of the temperature of the substrate, the temperature of the anti solvent and
the stoichiometry of the perovskite on the film morphology after spin coating. It was found
that amplitude and characteristic periodicity of the wrinkling depend on the combination
of these parameters, where some combinations do not lead to a wrinkled morphology at all.
The film wrinkling was explained in terms of stress relaxation in a bi-layer system, which
forms due to the limited miscibility and different density of the solvent and the anti solvent.
The bi-layer system comprises an elastic perovskite top layer, which forms upon addition
of the anti solvent. This top layer caps a viscoelastic bottom layer consisting mainly of the
solvent and perovskite precursors.

The formation and the influence of the wrinkling on the optoelectronic properties were
investigated in more detail for (FAPbI3)g s75(CsPbBrs)o.125 and a substrate temperature of
15 °C. The film formation during spin coating was monitored using in situ PL and absorption
measurements for different temperatures of the anti solvent. The evolution of the perovskite
layer thickness during spin coating (see Figure 6.8a) calculated on the basis of the in situ
absorption data revealed that with decreasing temperature of the anti solvent, the perovskite
layer growth became slower and the layer thickness after spin coating became smaller. Based
on the PL peak shift, the PL peak width and the shift of the absorption during the perovskite
growth (see Figure 6.8b for the temperature of the anti solvent of 30 °C), I identified that at
the beginning of the film formation, small perovskite crystallites formed, which show signa-
tures of quantum confinement, similar to the results in Chapter 12 and 13. For later times of
the spin coating, I found that the stoichiometry changed during the film formation, where
the ratio of incorporated bromine to iodine decreased, i.e., iodine tended to be incorporated

more slowly into the perovskite than bromine. Based on my experience with perovskites
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Figure 6.8: a) The evolution of the perovskite layer thickness during spin coating, calculated from the
measured absorption data. b) PL peak position (red circles), PL peak width o (green circles), and band edge
energy (black triangles) as a function of perovskite layer thickness during spin coating for a temperature of
30 °C of the anti solvent. For comparison, the evolution of the band edge energy was shifted in energy to
match the final PL peak position. Reproduced from Chapter 14.

with mixed stoichiometry from Chapter 10, I was able to quantify this change of the halide
ratio. Likewise the evolution of the film thickness, the observed dynamics of the quantum
confinement and the change in stoichiometry became slower with decreasing temperature of
the anti solvent.

As a next step, the role of the wrinkling on solar cell performance was investigated, where it
was found that more pronounced wrinkling lead to enhanced Vo and fill factor (FF). To
understand the improvement of the device performance, photocurrent atomic force microscopy
(pc-AFM) were measured. In the wrinkle morphology, hill sides exhibited higher photo current
than valley sides and than the flat morphology. Since it could be excluded that the higher
photo current was due to a higher film thickness, the increased photocurrent was explained by
improved charge carrier transport, i.e., an increased charge carrier diffusion length. In search
of the origin of this improvement, spatially resolved and time resolved PL was measured
on hill and valley sides of perovskite films on a glass substrate. I supported the analysis of
the time resolved PL data in terms of discussing the theoretical background of the transient
PL in halide perovskites, and contributed to the interpretation of the results. We found
that at the top of the layer, hill sides exhibited longer monomolecular lifetimes than valley
sides, and that lifetimes increased with increasing wrinkling. Additionally, the change of
average carrier lifetime between hill and valley for the different temperatures of the anti
solvent matched nicely the corresponding observed change in photo current. Overall, this
indicates that the hill sides show less defect density than valley sides and that the overall
defect density decreases with increased wrinkling. The reduced defect density is consistent

with the proposed stress relaxation upon film wrinkling.
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6.8 Authors’ Contribution

Double Peak Emission in Lead Halide Perovskites by Self-absorption

This work is published in Journal of Materials Chemistry C, 2020, 8 (7), 2289-2300 and
reprinted in Chapter 8. The authors are:

Konstantin Schotz, Abdelrahman M. Askar, Wei Peng, Dominik Seeberger, Tanaji P.
Gujar, Mukundan Thelakkat, Anna Kohler, Sven Huettner, Osman M. Bakr, Karthik

Shankar and Fabian Panzer.

FP initiated, and planned the project. KoS performed all optical characterizations and
derived the optical model. FP, AK and KoS discussed the project. AMA synthesized the
MAPDI3 single crystals under supervision of KaS. WP synthesized the EAMAPDI;3 single
crystals under supervision of OMB. DS synthesized the MAPbBr3 single crystals under
supervision of SH. TG produced the MAPbI3 thin films under the supervision of MT. FP

and KoS wrote the manuscript which was revised by all authors. FP supervised the project.

Investigating the Tetragonal-to-Orthorhombic Phase Transition of Methy-
lammonium Lead lodide Single Crystals by Detailed Photoluminescence
Analysis

This work is published in Advanced Optical Materials, 2020, 8 (17), 2000455 and reprinted
in Chapter 9. The authors are:

Konstantin Schoétz, Abdelrahman M. Askar, Anna Kohler, Karthik Shankar, Fabian

Panzer.

I performed and analyzed all experiments, interpreted the data, refined the optical model
and performed the optical modelling. Abdelrahman M. Askar synthesized the single crystals
under the supervision of Karthik Shankar. Fabian Panzer, Anna Koéhler and I discussed the
results. Fabian Panzer and I wrote the manuscript. Anna Kohler edited the manuscript. All

authors critically read the manuscript. Fabian Panzer supervised the project.
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High Versatility and Stability of Mechanochemically Synthesized Halide
Perovskite Powders for Optoelectronic Devices

This work is published in ACS Applied Materials € Interfaces, 2019, 11 (33), 30259-30268
and reprinted in Chapter 10. The authors are:

Nico Leupold, Konstantin Schotz, Stefania Cacovich, Irene Bauer, Maximilian Schultz,
Monika Daubigner, Leah Kaiser, Amelle Rebai, Jean Rousset, Anna Ko&hler, Philip Schulz,
Ralf Moos, Fabian Panzer.

Fabian Panzer initiated, discussed and planned the experiments and project. Nico Le-
upold, Monika Daubinger and Leah Kaiser performed the mechanochemical synthesis of the
powders under supervision of Ralf Moos. Nico Leupold and Leah Kaiser characterized the
powders. Irene Bauer synthesized and characterized the organic precursors. Nico Leupold
and Maximilian Schulz pressed the pellets from the powders and measured the photoresponse.
I conducted the optical characterizations of the powders. Stefania Cacovich, Amelle Rebai
and Jean Rousset fabricated and characterized the solar cell devices under the supervision of
Philip Schulz. Nico Leupold, Fabian Panzer, Philip Schulz and I wrote the manuscript, which
was revised by all authors. Anna Kohler edited the manuscript. Fabian Panzer supervised

the project.

Using In Situ Optical Spectroscopy to Elucidate Film Formation of Metal
Halide Perovskites

This perspective article is published in Journal of Physical Chemistry A, 2021, 125 (11),
2209-2225 and reprinted in Chapter 11. The authors are:

Konstantin Sché6tz, Fabian Panzer

Fabian Panzer initiated and outlined the perspective article. We searched and discussed
the literature together. I wrote Section 2, Section 4.1 and the first half of Section 4.3. I
elucidated the connections between the different works and elaborated some of the future
prospects for the field of in situ spectroscopy outlined in Section 5. Fabian Panzer wrote
Section 3, Section 4.2 and the second half of Section 4.3. We worked together on Sections 1

and 5. We discussed and revised the manuscript together.
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Investigating Two-Step MAPbDI; Thin Film Formation during Spin Coating
by Simultaneous in situ Absorption and Photoluminescence Spectroscopy

This work is published in The Journal of Materials Chemistry A, 2020, 8 (10), 5086-
5094 and reprinted in Chapter 12. The authors are:

Mihirsingh Chauhan?, Yu Zhong#, Konstantin Scho6tz, Brijesh Tripathi, Anna Koh-

ler, Sven Hiittner, Fabian Panzer. # Authors contributed equally.

Yu Zhong and Mihirsinh Chauhan prepared the samples and performed the in-situ mea-
surements. Mihirsingh Chauhan defined the different time ranges supervised by Fabian
Panzer, and analyzed absorption data and the confinement effect in the PL spectra. Yu
Zhong analyzed the absorption data in range IIT and performed SEM and XRD analysis of
the samples. I investigated the influence of self-absorption on the PL spectra in range III
and IV, and fitted the PL in range IV by optical modelling. Mihirsingh Chauhan, Yu Zhong,
Fabian Panzer and I wrote the manuscript. Brijesh Tripathi, Anna Kéhler and Sven Huettner

critically read and edited the manuscript. Fabian Panzer supervised the project.

Understanding Differences in Crystallization Kinetics Between Slot-Die
Coating and Spin Coating of MAPDbI; using multimodal in situ Optical
Spectroscopy

This work is submitted to Advanced Optical Materials and reprinted in Chapter 13. The

authors are:

Konstantin Schotz”, Christopher Greve”, Arjan Langen, Harrie Gorter, Ilker Dogan,
Yulia Galagan, Albert J.J.M. Breemen, Germin H. Gelinck, Eva M. Herzig, Fabian Panzer.
# Authors contributed equally.

Christopher Greve and I recorded the in situ optical properties during spin coating. Fabian
Panzer and Arjan Langen performed the slot-die coating experiments. Harrie Gorter and Ilker
Dogan prepared the stock solutions for the slot-die coating. Christopher Greve performed one
part of the analyses of the optical data, that is: fitting of the PL, extraction of Igcqtter, fitting
of the interference pattern in the absorption spectra. I extracted the temporal evolution of
the OD1 8.y and calculated the AOD. I characterized the phase formations and extracted
the corresponding critical times and widths, and I analyzed the PL fits in the framework of

quantum confinement. Christopher Greve performed and analyzed the microscopy and SEM
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measurements, as well as profilometry measurements. Christopher Greve, Fabian Panzer
and I discussed and developed the concept of comparing the film formation dynamics of
spin coating and slot-die coating with respect to the temporal width of the complex phase
formation. Albert van Breemen, Gerwin Gelinck, Yulia Galagan, Ilker Dogan and Eva M.
Herzig discussed the results. Christopher Greve, Fabian Panzer, Eva M. Herzig and I wrote
the manuscript. All authors discussed and revised the manuscript. Fabian Panzer supervised

the project.

How Antisolvent Miscibility Affects Perovskite Film Wrinkling and Photo-
voltaic Properties

This work is published in Nature Communications, 2021, 12, 1554 and reprinted in Chap-
ter 14. The authors are:

Seul-Gi Kim, Jeong-Hyeon Kim, Philipp Ramming, Yu Zhong, Konstantin Schoétz, Seok

Joon Kwon, Sven Huettner, Fabian Panzer, Nam-Gyu Park.

N.-G.P., F.P., and S.H. supervised the research; S.-G.K. designed and conducted exper-
iments and measurements; J.-H.K. conducted experiments and measurements; Y.Z., S.-G.K.,
and K.S. measured and analyzed in situ PL and absorbance measurements. P.R. and S.-G.K.
measured and analyzed FLIM and TCSPC. S.J.K. conducted simulation study of bilayer
wrinkle system. S.-G.K. and N.-G.P. wrote manuscript; and all authors discussed the results

and revised the manuscript.
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The work presented in this thesis shows (i) how strongly the the opto-electronic properties
of metal halide perovskites depend on their microscopic and macroscopic structure. It fur-
ther shows (ii) how the opto-electronic properties of these semiconductors can be tuned by
modifying the microscopic and macroscopic structure through external stimuli and suitable
processing.

From the work in Chapters 8, 9 and 10 I can conclude that it is not sufficient to consider merely
the crystal structure in order to correctly assign the features in the photoluminescence and
absorption spectra. Rather, a correct interpretation requires consideration of the macroscopic
sample structure as well. This is because, as I could demonstrate, the degree of self-absorption
differs significantly between samples that consist of a single crystal, a polycrystalline thin film
or a powder. I presented a model to quantitatively account for the effects of self-absorption.
This allowed excluding features such as bound excitons, an indirect band gap, defect sites
and local band gap variations as origin for additional photoluminescence features, and it
allowed a detailed identification of the phase transition behaviour.

The work in Chapter 11, 12, 13 and 14 indicates how control over processing can be employed
to tune the electronic structure of the resulting metal halide perovskites. This control is
achieved by monitoring the formation process of the crystals in situ, i.e., during the drying
process. I could show that it is essential to consider both, absorption and photoluminescence,
as a function of drying time, to fully understand the kinetics of the film formation and I
applied this approach to the two-step method, the one-step method and the solvent engi-
neering method. Thus I pioneered the elucidation on the evolution of the opto-electronic
properties of the perovskite for the major solution-based processing methods currently in use.
In these works I demonstrated that even though the resulting samples are always thin films,
it is important to consider both microscopic and macroscopic structure in order to interpret
the optical spectra correctly. Especially, disentangling quantum confinement effects due to
crystallite size, self-absorption effects through crystallite thickness and changes in crystal
stochiometry needs careful considerations.

Overall, this thesis contributes to the understanding of the relationship between the structure
and the optical properties of lead halide perovskites, and it demonstrates how this understand-
ing can be used to elucidate the perovskite film formation. Based on these results, I suggest

that future studies should employ in situ absorption and photoluminescence spectroscopy to
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address some of the most urgent questions about the perovskite film formation. For example,
the role of solvate states on the perovskite crystallization could possibly be elucidated by
extending the spectral range of the in situ absorption measurements to the UV-range, i.e.,
to the spectral range where such solvate states absorb. Also, for many additives such as
surfactants or passivating agents, only the impact on final film properties for films processed
under identical conditions are reported. In situ spectroscopy could shed light on the influence
of such additives on the dynamics on the film formation, which could reveal that adaption of
the processing protocols for the treated samples are needed to enable an accurate comparison
of treated and reference samples.

Finally, fine control over the resulting electronic structure of perovskite films could be
obtained when the in situ optical spectroscopy was used for inline processing control. By
monitoring and evaluating the optical spectra in real-time, and then reacting to changes in the
optical spectra, one could optimize processing parameters such as evaporation rate, substrate
temperature or timing of antisolvent addition during processing. This implies a change from
timing-based processing protocol (e.g. adding antisolvent after ten seconds) to a results-based
processing protocol (e.g. adding antisolvent when specific spectral signatures are observed).
Such a change would make perovskite processing more robust against environmental condi-
tions, and allow for reproducible sample preparation. In fact, the sample-to-sample variation
is still a challenge for comparison of results between different scientific labs as well as for
industrial fabrication. Overcoming this hurdle would push perovskite-based opto-electronic

devices further towards commercialization.
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Despite the rapidly increasing efficiencies of perovskite solar cells, the optoelectronic properties of
this material class are not completely understood. Especially when measured photoluminescence (PL) spectra
consist of multiple peaks, their origin is still debated. In this work, we investigate in detail double peak PL
spectra of halide perovskite thin films and single crystals with different material compositions. By different
optical spectroscopic approaches and quantitative models, we demonstrate that the additional PL peak
results from an extensive self-absorption effect, whose impact is intensified by strong internal reflections. This
self-absorption accounts for the unusual temperature dependence of the additional PL peak and it implies
that absorption until far into the perovskite’s Urbach tail is important. The internal reflections entail that even
for thin films self-absorption can have a significant contribution to the PL spectrum. Our results allow for a
clear assignment of the PL peaks by differentiating between optical effects and electronic transitions, which is

Received 14th November 2019,
Accepted 5th January 2020

DOI: 10.1039/c9tc06251c

Published on 07 January 2020. Downloaded on 3/26/2021 2:22:11 PM.

rsc.li/materials-c

1. Introduction

Halide perovskites, and optoelectronic devices based on them
such as solar cells, LEDs, lasers or detectors, have undergone a
tremendous development in the last few years. For this, their
optical properties, in particular the absorption and photolumi-
nescence (PL) spectra, play an important role when investigat-
ing the perovskite materials such as to derive conclusions about
their electronic structure.”* For example, phase transitions and
different structural states can be identified by the associated
optical spectra, which are experimentally easily accessible.
Furthermore, from the analysis of the spectra, important material
parameters can be determined, such as electron phonon coupling
constants or dynamic and static disorder (in particular by
temperature-dependent investigations).> ® PL signatures of dif-
ferent defect states both at higher and especially at lowest
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a necessary requirement for understanding the optoelectronic properties of halide perovskites.

temperatures were identified,>*'° and the interaction of the
perovskite with its environment (solvent, humidity or atmosphere)
was investigated using PL measurements.'’™* More recently,
spatially resolved PL investigations allowed to associate the
occurrence of defect assisted, non-radiative decay channels
with the grain boundaries of the perovskite."* This has facili-
tated the development of appropriate passivation strategies,
which in turn have led to the last significant increases in
efficiencies of perovskite solar cells.">™"”

However, although PL spectroscopy has been used intensively
and versatilely in the past, it is still common for PL spectra
measured under nominally identical conditions to differ from
work to work or from group to group, and in many cases to
exhibit several peaks within a PL band. Hence, there is still an
intense discussion and disagreement about the origin of these
multiple PL features, and a variety of interpretations exists. Some
suggest the additional PL features to stem from the coexistence
of a direct and an indirect bandgap,'®2* defect induced recom-
bination of (bound) excitons,>"**"*° different electronic structure
between the bulk and the surface,?*2® coexistence of different
crystalline phases'®*® and to self-absorption effects.”®* Evidently,
clarification on the origin of the multiple peak structure is urgently
needed to allow for further understanding of the optoelectronic
structure of lead halide perovskites.

In this work, we demonstrate that the occurrence of double
peak structure is a general phenomenon in lead halide per-
ovskites and not limited to single crystals or a specific material
composition. We systematically address the different existing
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interpretations and show that neither the recombination via
different types of defects, or different electronic states between
the bulk and the surface can account for the double peak structure.
Instead, from temperature dependent one-photon-induced and
two-photon-induced PL measurements, optical modelling, and
a systematic change of measurement geometry, we conclude
that the additional PL feature is due to a surprisingly extensive
self-absorption effect, significantly amplified by internal reflec-
tions of PL. Finally, we show that by changing the refractive
index of the perovskite environment, and thus the internal
reflectivity, the relative intensity of the two peaks can be
modified, further underpinning our approach.

2. Results and discussion
2.1 The double-peak structure

Fig. 1a shows the room temperature photoluminescence (PL) of
four different lead halide perovskites used in this study, namely
a MAPDI; thin film, a MAPDI,; single crystal, a single crystal with
a different halide, MAPbBr;, and a single crystal with a different
organic cation, EA, ;7;MA, g3Pbl;. For all samples, we observe the
emission to be structured, i.e. to consist of a dominant higher
energy peak that we will refer to as “Peak 1"’ and of a weaker
lower energy peak or shoulder, henceforth called ‘“Peak 2”.
This emission structure occurs independently of chemical
composition and film structure for our four model samples,
stressing the general nature of the phenomenon. The energy of
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the emission band varies with sample composition. For the iodide
perovskites, Peak 1 is located at 1.56 €V in the case of the single
crystals, and at 1.58 eV for the thin film. While for the single
crystals, Peak 2 appears as distinct peak at 1.48 eV, in the case of
the thin film Peak 2 is located at 1.53 eV, i.e. less separated from
corresponding Peak 1 and it is thus observed as a shoulder. For
clarity, an alternative version of Fig. 1a with a logarithmic PL scale
can be found in the ESIf (Fig. S1). For MAPbBr;, Peak 1 and
Peak 2 are located at 2.29 eV and 2.21 eV respectively. The relative
PL intensity of Peak 2 compared to Peak 1 is in the range between
30 to 60% for all samples, depending on the position of excitation
and detection spot and the angle of detection (see Fig. S2, ESIT).

To further investigate the two PL peaks, we performed
temperature dependent PL measurements on all samples.
Exemplarily, the results for the MAPDI; single crystal are shown
in Fig. 1b (see Fig. S3 (ESIf) for the results of the other
compounds). Upon cooling from 300 K to 160 K (Fig. 1b), where
MAPDI; is in the tetragonal phase, the PL intensities of both
peaks increase by an order of magnitude. Even without further
analysis, it is evident that Peak 1 shifts to lower energies upon
cooling, while the opposite is the case for Peak 2. Separating
the spectra into the contributions of two individual peaks (see
Fig. S4, ESIf) shows that Peak 1 shifts continuously to lower
energies by 32 meV upon cooling, while Peak 2 shifts to higher
energies by 10 meV until 240 K and then stays energetically
constant (Fig. 1c).

Upon cooling below 160 K, MAPbI; undergoes a phase transi-
tion from a tetragonal to an orthorhombic crystal structure,*

]
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(a) Normalized PL spectra of four different lead halide perovskite samples showing double peak emission. (b) Temperature-dependent PL of a

MAPbI3 single crystal between 300 K (red) and 160 K (orange), i.e. tetragonal phase in steps of 20 K (top) and in the orthorhombic phase between 120 K
(blue) and 80 K (green). (c) Temperature-dependent peak position of Peak 1 and Peak 2 from the PL shown in (b) after spectral decomposition.
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which is accompanied by an 100 meV increase of the band gap,
directly impacting on the absorption and PL properties.*>™’
Until 120 K a transition region exists in which the different
phases coexist leading to PL spectra with more than two PL
features (Fig. S5, ESIT). Between 120 K and 80 K we again observe
two PL-Peaks, which exhibit the same spectral temperature
dependence as Peak 1 and Peak 2 in the tetragonal phase (i.e.
shift to lower (higher) energies of Peak 1 (Peak 2) with decreasing
temperature). Below 80 K additional PL features appear, leading
to relatively complex PL spectra at lowest temperatures (Fig. S6,
ESIt). It becomes obvious that additional well-resolved/distinct
PL bands can be observed over the entire investigated tempera-
ture range, ie. also over different crystal phases.

2.2 Investigating possible structural origins for the double
peak

Several interpretations have been proposed to account for the
structure in the emission bands. We shall evaluate whether
these interpretations are consistent with our data one by one.

2.2.1 Coexistence of radiative direct and indirect transitions.
Several works associated additional PL bands with the coexistence
of a direct and an indirect band gap in halide perovskites.'**°
Indeed, Rashba splitting in halide perovskites, from which an
indirect band gap character follows, has been shown.**™*!
However, its extent and impact on the excited state properties
of the perovskites is debated'®*°™® and some more recent
publications suggest an insignificant impact of the Rashba
splitting on the optical properties of the perovskite.*>*® Theo-
retical works suggested that an impact of the Rashba splitting
on the perovskite PL disappears at higher excitation densities,
namely around 10'® em™3.>° The PL spectra in Fig. 1 were
measured with an excitation density of n = 4.8 x 10'® cm™ (see
ESIT for details), so that we do not expect the Rashba splitting
to play a significant role in the PL. Furthermore, Peak 2 is
clearly present even at higher excitation densities (vide infra),
which indicates that Rashba splitting does not cause the
appearance of Peak 2. Moreover, the coexistence of a radiative
direct and indirect transition would imply a competition
between both pathways, as it is eg. reported for Ge;_,Sn,
alloys.”? Regarding the temperature dependence, cooling
should favor electron trapping in the energetically lower indirect
bandgap valley, resulting in a decreased relative contribution of
the higher energy direct bandgap transitions. Concomitantly, the
PL intensity should drop for an indirect character of the PL, as
the phonon-assisted radiative recombination is less efficient at
lower temperatures.”’* This is at variance with the experi-
mental observation shown in Fig. 1. Thus, we can exclude the
double peak emission to be associated with the coexistence of an
indirect and direct band gap.

2.2.2 Strain-induced defects in the bulk. Recently, the
significance of strain-induced defects and their impact on the
excited state recombination properties of halide perovskites
were reported.>®>® To probe whether recombination at strain-
induced defects may be at the origin of the double-peak
structure, we measured the PL of perovskite thin films that
were deposited either on glass, or on polyethylene terephthalate
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(PET). These substrate materials exhibit different thermal
expansion coefficients in the order of 107> K~ * (PET),””*® and
107% K (glass),”® respectively. With the thermal expansion
coefficient of MAPbI; being in the range of (1.6 x 107 *-3.8 x
107" K 1,°%%" we expect a larger build-up of strain upon
cooling for the MAPbDI;/glass sample compared to the
MAPDI;/PET sample.®® The degree of strain in a sample can
be correlated to the temperature at which the tetragonal to
orthorhombic phase transition occurs upon cooling.>** We
identify the critical temperature 7. and the width of the tetra-
gonal to orthorhombic phase transition from temperature
dependent absorption measurements following the same
approach as in previous works (also see Fig. S7, ESIT).>** We
find a lower T, and an increased width of the transition for the
MAPbDI;/glass sample (T¢Glass = 145.9 £ 0.3 K, FWHMgjqass =
10.1 £+ 0.7 K) compared to MAPbL;/PET (T ppr = 147.2 £
0.2 K FWHMpgr = 8.8 £ 0.6 K). Furthermore, we analyzed the
temperature dependence of the PL peak positions of the two
samples, where we find a shift of 0.25 meV K" for the sample
on the glass substrate and a shift of 0.28 mev K' for the
sample on the PET substrate. Both, the decrease in T, and the
reduced temperature dependence of the PL peak position in
the MAPbI;/glass sample imply that there is indeed more strain
in the MAPDI;/glass sample. Fig. 2a shows the normalized PL
spectra of the MAPDbI;/glass and MAPDbI;/PET samples at 170 K.
This is the temperature where we expect the highest strain to
have built up upon cooling, without already inducing the
tetragonal-orthorhombic phase transition. For both thin film
samples, Peak 2 appears as shoulder, similar to the thin film
sample in Fig. 1. A decomposition of the spectrum into two
peaks shows that Peak 2 is about 10-15% more intense in the
MAPDI;/glass sample (see Fig. S8, ESIt). Upon cooling, the
intensity of Peak 2 relative to Peak 1 increases continuously and,
importantly, in the same manner for both samples (Fig. 2b). If Peak
2 was related to strain-induced defects, it should evolve differently
with temperature in the sample with the larger strain. This is at
variance with the observation of an identical temperature-evolution
for both samples, and thus implies that strain-induced defects are
not the cause for the double-peak structure.

2.2.3 Surface defect states. To address whether surface
defect states, and the associated recombination via bound
excitons, may be responsible for the occurrence of Peak 2,
we passivated the surface of MAPbI; single crystals. We used
either a cyclohexane solution of the electron-accepting benzo-
thiadiazole or the electron-donating, liquid mono-thiophene to
selectively passivate negatively and positively charged surface
defects, respectively.'®® We measured the PL directly before and
after dropping the respective liquids onto the single crystals
(Fig. 2c and d), ensuring that the crystals, the laser and the
detector did not move during this process. When dropping
benzothiadiazole onto the single crystals, both, Peak 1 and Peak 2
remain nearly unchanged in their energy and intensity (Fig. 2c).
This suggests that negatively charged surface defects are either
not present or do not affect the spectral shape of the PL. In the
case of thiophene, the energetic position and the intensity of
Peak 2 hardly changes. However, the intensity of Peak 1 more
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Fig. 2 (a) PL of MAPbIs thin films at 170 K processed on glass (blue) and on PET (red). (b) Temperature dependence of the PL Peak 2 intensity relative to
Peak 1 intensity of the two thin films processed on glass (blue squares) and PET (red dots). (c and d) Room temperature PL of a MAPbIs single crystal
before (black) and after (red) surface passivation with (c) benzothiadiazole dissolved in cyclohexane and (d) mono-thiophene. (e) Fluence dependent PL
(normalized) of a MAPblIs single crystal at 200 K and (f) corresponding peak intensities as a function of laser fluence, plotted on a double logarithmic scale.

The dashed lines represent fits with slope values as indicated.

than doubles, and the peak position shifts by about 15 meV to
higher energies (Fig. 2d), as expected for a successful surface
passivation (see Fig. S9 (ESIt) for a discussion on the observed
blue shift of Peak 1). Evidently, emission from Peak 1 is affected
by positively charged defects on the surface of the MAPbI; single
crystals, most likely due to iodine vacancies as proposed in the
past,'® while emission from Peak 2 is hardly affected. From this
passivation experiment, we can deduce that the higher-energy
Peak 1 is associated with emission near the crystal surface, while
the lower-energy Peak 2 may be associated with emission that is
predominantly from the bulk of the crystal. However, it is not
clear, whether only the spatial origin of the emission differs for
the two peaks, or whether they also result from actual different
electronic states, as has been suggested in the past.*®®®

2.2.4 Surface versus bulk emission. To follow up the ques-
tion whether the two peaks may originate from emission near
the surface and in the bulk, we performed temperature depen-
dent two-photon-induced photoluminescence (2PI-PL) mea-
surements and compared them with the results from one-
photon-induced photoluminescence (1PI-PL) experiments. In
the more common 1PI-PL experiments, a sample volume near
the surface is excited, determined by the exponential fall-off in

2292 | J. Mater. Chem. C, 2020, 8, 2289-2300

the absorbed light well known as Lambert-Beer's law. In
contrast, for a 2PI-PL experiment, a high excitation intensity
is required, which is typically achieved by focusing of a laser
beam. Thus, only a small, well-defined spot in the sample bulk
is excited.®” Even though the two processes follow different
selection rules and thus excite different transitions, in either
case, electrons and holes are generated that thermalize in the
band and subsequently recombine via the same radiative
transition.®®®® The results of the temperature dependent
2PI-PL-experiment are shown exemplarily for the tetragonal
phase at 200 K and for the orthorhombic phase at 80 K together
with the corresponding scaled 1PI-PL spectra in Fig. 3a and b
respectively. The peak position of the 2PI-PL resembles very
well Peak 2 from the 1PI-PL at both temperatures (i.e. both
crystal phases). This demonstrates that Peak 2 is associated with
the bulk. However, from these results it is still not distinguish-
able whether Peak 2 results from different distinct transitions
occurring at the bulk and the surface, or to which extend self-
absorption effects modulate the PL spectra, contributing to the
observation of Peak 2.

2.2.5 Strain-independent defects in the bulk. To address,
whether Peak 2 may be caused by recombination at defects in
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Fig. 3 One-photon-induced (1PI) and two-photon-induced (2PI) PL of a
MAPbIs single crystal, (a) at 200 K (tetragonal phase) and (b) at 80 K (ortho-
rhombic phase). (c) Optical density of a MAPbI5 single crystal in the temperature
range from 300 K to 120 K. The arrow indicates reducing temperature.
(d) Temperature-dependence of the Urbach-tail absorption. Reprinted with
permission from Ledinsky et al,”* Copyright 2019 American Chemical Society.

the bulk that are independent of any mechanical strain, we
recorded the PL at 200 K as a function of laser fluence (Fig. 2e)
and analyzed the corresponding PL intensities of Peak 1 and
Peak 2. This is shown in Fig. 2f on a double logarithmic scale.
For laser fluences up to 120 uJ cm™2, Peak 2 grows with a slope
of 1.46, while the intensity of Peak 1 increases with a slope of
1.01. For higher fluences, both peaks grow with a slope of about
1. Usually, when an emission feature results from recombina-
tion at defect sites, its relative contribution to the overall PL
decreases with increasing laser fluence as such traps are filled
up.®'® This would result in a sublinear slope for the defect-
based emission, at variance with our experiment, where we
observe a superlinear slope. This speaks against assigning the
origin of Peak 2 to recombination at defects in the bulk.
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2.3 Addressing optical effects as possible origin for the
double-peak structure

So far, we could establish that Peak 2 results from the bulk while
Peak 1 is associated with PL near the surface. We did not find any
structural causes in the bulk that could account for Peak 2. We
therefore consider whether self-absorption may be associated with
the occurrence of the double peak structure. For this, it is obviously
useful to consider the absorption of the perovskite crystals. Thus, we
determined the temperature-dependent optical density of the
MAPbI; single crystal by transmission measurements (Fig. 3c). With
our experimental setup, we can reliably determine optical densities
(OD) in the range from about 0.1 to 1.5. This corresponds to
absorption coefficients o in the range of 1 to 30 cm™*, considering
a thickness of 1 mm, which is typical for the single crystals we used.
Such low a-values occur in the Urbach tail of MAPbI;, which has
been characterized in the past using photothermal deflection
spectroscopy (PDS) or external quantum efficiency (EQE)
measurements.”” > At 300 K, detectable absorption for our setup
starts at 1.44 eV and rises steeply to an OD of 1.5 at 1.5 €V.
Importantly, upon cooling, the detectable absorption shifts to higher
energies and the absorption edge becomes steeper. Below 160 K,
the absorption jumps to 1.63 eV, indicating the transition to the
orthorhombic phase.**** This is accompanied by an additional
well-resolved shoulder at 1.58 eV that matches the energy for
absorption of the tetragonal phase of thin films at this
temperature.*” Evidently, some small residues of tetragonal
phase still prevail at 155 K and 150 K. An estimation considering
a crystal thickness of 1 mm and the absorption coefficient of
MAPbI; as reported by Crothers et al.”® implies that approxi-
mately 0.1% of tetragonal phase are still present at 155 K. The
shift of the measured absorption of the single crystal to higher
energies upon cooling from 300 K to 160 K is opposite to the
trend observed for the absorption edge of thin films. However, it
can be understood when considering which part of the absorp-
tion spectrum we probe with our transmission measurement:
both the estimated values of the absorption coefficient and the
energetic position of the absorption edge indicate that we
measure Urbach tail absorption below the so called Urbach
focus point, which was found for MAPbI; to be around 1.54 eV,
where the absorption coefficient takes a value of o = 500 cm™ .57
For absorption coefficients below this point, the temperature-
dependence of the absorption is inversed, ie. the absorption edge
shifts to higher energies upon cooling, in accordance with our
results. For clarification, the temperature-dependence of the
Urbach-tail, including the Urbach focus point, is displayed in
Fig. 3d, taken from Ledinsky et al’® The arrows indicate the
temperature-evolution above and below the Urbach focus point.
We also would like to emphasize that the measured absorption
edge of the single crystal only represents a small part of the
Urbach tail and cannot be used to determine the optical band gap
of the material and thus does not imply a red shifted band gap of
the single crystal compared to thin films.

The temperature dependent absorption spectra reveal two
important facts: first, significant absorption, which reduces the
transmission of photons generated deep in the crystal bulk to less
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than 10%, occurs in the same energetic range as the high energy
edge of the 2PI-PL, both for the tetragonal (1.51 eV) and the
orthorhombic phase (1.63 eV) as indicated by dashed lines in
Fig. 3. This is essentially the position of the minimum between
Peak 1 and 2. A similar observation was reported for MAPbBr;
single crystals by Yamada et al. comparing transmission with 2PI-
PL measurements.* Second, the shift of the absorption to higher
energies upon cooling from 300 K to 160 K, matches well with the
temperature dependence of the energetic position of Peak 2 in
Fig. 1c. These two observations are a strong indication that the
occurrence of Peak 2 is correlated to a self-absorption effect.

To test the plausibility of self-absorption as origin of Peak 2,
we modelled our 1PI-PL by explicitly considering the effect that
self-absorption will have on emission generated throughout the
crystal as illustrated in Fig. 4. To do so, we calculated the one-
dimensional charge carrier distribution n(x) that results from
laser excitation. For this, we considered the absorption coeffi-
cient of MAPbI; at 337 nm, which can be found e.g. in Crothers
et al.,’® and the Beer-Lambert-law. This charge carrier distribu-
tion leads to photoluminescence via bimolecular recombina-
tion. The PL generated by recombination at a site x’ can then
travel towards either to front or the backside of the crystal,
which are taken to be 1 mm apart. This is about the size of the
single crystals examined in this study. On the way through the
crystal, the perovskite absorbs part of the PL, thus attenuating
it. At the interface between perovskite and surrounding media,
the PL is either transmitted or reflected with a certain prob-
ability. A key feature of our model is that we allow for multiple
inner reflections. The PL that is detected at the front surface is
then a superposition of the PL that leaves the crystal at the front
without internal reflections, PLgjrect(E), and the PL that leaves
the crystal after (multiple) internal reflections, PLgjered(E)-

PLdetected(E) = C'PLdirect(E) + PLfiltered(E)- (1)

n(x)

PL/."//(*/'(’M PL(//,P(-[«
Peak 2 Peak 1 >

: e
0 x’ depth x L

Fig. 4 lllustration of the optical paths considered in the optical modeling.
From a certain depth in the crystal X/, the PL can either hit the front surface
and escape with a certain probability (red), contributing to Peak 1 (PLgirect).
or can be reflected and travel towards the back surface. There it is
reflected with a certain probability and travels back to the front surface,
where it is either transmitted (purple) and contributes to Peak 2 (PlLitered).
or reflected again. Alternatively, the PL originating from x’ can travel to the
back, being reflected and traveling to the front, where it likewise can either
escape (orange), contributing to Peak 2, or be reflected. On its way
through the crystal, the PL is filtered by the absorption of the perovskite.
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The constant C was found necessary to allow for a mismatch
between excitation spot and detection spot. PLgirec(E) and
PLgijered(E) are calculated according to the Beer-Lambert law,

L
PLec (E) = J PLin(E) - n(x)? - (1 — ry) - exp[—a(E) - x}dx

(2)

Pl (E) = KZPLM(E) -n(x)? - (1= rp) - {4; + B }dx,
=

(3)

where 4; = r/-r/-exp[—«(E)(2/L + x)] considers the part of the PL
that propagates from the site of generation, x’, towards the
front surface. Propagation towards the back surface is consid-
ered by B; = r{"-rl-exp[~a(E)-(2/ — 1)L + (L — x))]. Here, o(E)
denotes the absorption coefficient of the material, ¢ and r, are
the reflection probabilities at the front and back interface,
respectively, and L denotes the length of the crystal. j denotes
the number of reflections at the back interface. For the intrinsic
PL lineshape PL;,(E), we assume a hyperbolic secant fitted to
Peak 1, see Fig. S4 (ESIT). Even though there is no immediate
physical meaning to this lineshape, this phenomenological
approach reproduced the spectral shape better than a
Gaussian, Lorentzian or Voigt lineshape function. For the
absorption spectrum «(E), we took the spectrum, especially of
the Urbach tail, reported by Ledinsky et al.”* and normalized it
to the absolute values from Crothers et al.,’® which are not
available in the region of Urbach absorption. The average
reflection probabilities 7 and r,, were calculated via the Fresnel
equations with a refractive index of 2.5 for MAPbI; in the
relevant energy range,”” and of 1 for air. Averaging over all
angles of incidence, we obtain a reflection probability of 0.85
for the perovskite-air interface. This high reflection probability
demonstrates the importance of considering multiple inner
reflections, where up to jma.x = 10, an increase of Peak 2 can be
observed. However, for our calculation, we considered j = 20
reflections to be well above ji,,... We note that this approximation
does not consider that PL reaching the interface with a larger
angle also travelled a larger distance through the material.
However a slightly bigger (smaller) reflection probability can be
easily compensated by a slightly smaller (bigger) crystal to obtain
a similar result. For comparison with experimental PL spectra,
the calculated spectrum PLgeecteq(E) is finally normalized to the
experimental data. We note that for infinitely large, perfect and
parallel front and back surfaces, photons that hit the surface
outside the escape cone would not be able to leave the sample.
In reality however, when hitting irregularities, such as grain
boundaries in the case of thin films, or when reaching the edges
or side surfaces of single crystals, the photons can escape the
perovskite even after multiple inner reflections.

The comparison between the PL spectrum calculated using
our model (with a value of C = 0.66) and the experimental PL
spectrum of the MAPbI; single crystal at room temperature is
shown by the black squares and the black line in Fig. 5a. The
excellent agreement for this simple model - which only uses a
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single “fitting” factor in the form of C - clearly demonstrates
the significant importance of self-absorption. Fig. 5b indicates
which part of the PL results from the directly transmitted PL,
PLgirect(E), and from PL that suffered internal reflections and
self-absorption, PLgjered(E). We stress again here the key role of
considering multiple reflections. Effects that are neglected in
our model are carrier diffusion, photon recycling and internal
scattering. Carrier diffusion and photon recycling both have
similar effects insofar that they can generate PL at a site that is
different from the original absorption. While photon recycling
can have significant impact on the PL properties’®”’ and
should, together with carrier diffusion, enhance the intensity
of Peak 2, we found it was not necessary to include photon
recycling explicitly to model our measured spectra.

To further test whether self-absorption, magnified by reflec-
tion at the crystal back surface, is indeed causing the double
peak structure, we repeated the room temperature 1PI-PL of the
same MAPbI; single crystal while modifying the outcoupling,
and thus the reflection, at the back surface. For this, we placed
a drop of glycerin at the backside of the crystal, while we excited
the sample and detected resulting PL at the front side, identical
to the previous measurement. This measurement was performed
directly after the one without glycerin drop without moving the
crystal or detection, to exclude any influence of a changed
measurement geometry. The refractive index of glycerin is
1.47,”® i.e. higher than the one of air, which reduces the reflec-
tion probability at the backside of the crystal from 0.85 to 0.70.
According to our model, this should lead to a decreased intensity
of Peak 2, accompanied by a spectral shift to higher energies.
The obtained experimental data and the model data (keeping
all parameters identical to before, except of the reflection
probability), are shown as red line and dots in Fig. 5a. We find
the intensity of Peak 2 to reduce to half the previous value and to
shift to the blue by 10 meV. This observation is excellently
captured by our model.

These findings represent compelling evidence that Peak 2
originates from an extreme self-absorption effect, which is
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caused by significant internal reflections in the temperature
ranges investigated in this study. We stress that below about
80 K, the temperature-dependence of Peak 2 changes, probably
due to an increasing contribution of PL of bound exciton
states,”® which becomes increasingly efficient at lower tempera-
tures. In passing we mention that changes in reflectivity for
example due to the addition of thiophene or benzothiadiazole,
or due to different substrates such as Glass and PET can easily
account for the slightly different intensities of Peak 2 that we
observed in Fig. 2a and b.

With the insight provided by our results on the different
origin of Peak 1 and 2, we can understand the different
temperature dependence of Peak 1 and 2 in their PL spectra,
with Peak 1 shifting to the red spectral range and Peak 2 to
the blue upon cooling. Peak 1, resulting from PLgjrece(E), is
modified by reabsorption only from the point where it was
created, to the front surface. Reabsorption thus occurs over a
typical lengthscale of about 50 nm, depending on the wave-
length of excitation. A significant attenuation, say, to a level of
10% of transmitted intensity, would be then obtained for
absorption coefficients above about of 5 x 10°> em ™. If diffu-
sion of charge carriers is considered, the lengthscale increases
to the um range, and the relevant absorption coefficient
decreases to about 10* cm™'. In contrast, reabsorption for
Peak 2 occurs over a length scale exceeding the crystal thickness
of 1 mm, thus becoming relevant for absorption coefficients as
low as a few 10 cm™". Fig. 3d, taken from Ledinsky et al., shows
the evolution of the Urbach tail with temperature.”* The two
arrows indicate the typical absorption coefficients associated
with self-absorption for PLgjec(E), which causes Peak 1, and
for PLyijered(E) that gives rise to Peak 2. One can see that the two
ranges for the absorption are on different sides of the Urbach
focus point. As a result, cooling causes a blue-shift for Peak 2
due to filter effects, despite Peak 1 shifting to the red due to the
decreasing bandgap of the perovskite.

In the framework of filtered PL which we present here, also
the dependence of the relative intensity of Peak 2 from the
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Fig. 5 (a) PL spectrum of a MAPblIs single crystal in air at room temperature (black solid line) together with the modelled PL with an internal reflection
probability of 0.85 (black open squares). The PL spectrum of the same crystal with a drop of glycerin at the back is displayed as red solid line,
together with the modeled PL with an internal reflection probability at the back interface of 0.7 (red open circles). (b) Decomposition of the modelled
PL into the contribution of the PL coming directly from the excitation spot (PLgjrect. Peak 1, red) and the PL after internal reflections and self-absorption

(PLfitereq. Peak 2, orange).
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excitation spot and/or the detection angle can be understood
easily. Due to the high refractive index of the perovskite, the
direct PL is limited to its escape cone at the spot where the PL is
generated. In contrast, the filtered PL can travel large distances
and thus can also leave the crystal far away from the excitation
spot or at the side surfaces of the crystal. This is in agreement
with a very recent study by Kojima et al., where the authors
demonstrate by angle dependent PL of a MAPbBr; crystal, that
direct PL is limited to a small escape cone, whereas filtered PL
is also detected from the side and the backside of the crystal.®®

If we apply our model to fit the PL of the MAPbI; thin film
from Fig. 1a, it turns out that we need to set the sample
thickness to 3.5 pm to model the experimental data satisfyingly.
However, the actual thickness of the sample is 0.7 um, indicating
that our model is over-simplified for the application for thin
films. This points towards the importance to also consider the
lateral component of the propagation direction of the light.

We finally note that the long optical pathways in halide
perovskites can also impact their photocurrent measurements.
For excitation in the spectral range of the Urbach tail, penetra-
tion lengths can be on the length scale of mm, so that the entire
sample volume is excited and contributes to charge carrier
generation. This can overcompensate the higher density of
generated charges for excitation at higher photon energies,
where the absorption coefficient is bigger, but the penetration
length is limited to tens of nanometers. A peak of the photo-
current in the spectral region of the Urbach tail would be the
consequence, bearing danger of misinterpretation if optical
effects are not considered.

3. Conclusion

In summary, we have shown that the often observed double
peak PL spectra of halide perovskites result from a significant
self-absorption effect, which is amplified by the high internal
reflection probability of PL in the sample, with Peak 1 being the
emission directly outcoupled, and Peak 2 being emission that
suffered multiple internal reflections and pronounced self-
absorption. This effect not only impacts on the spectra of single
crystals but also occurs in thin film spectra, and it is not limited
to a specific perovskite composition, thus rendering it a general
phenomenon. We found absorption from the Urbach-tail of the
perovskite to be highly relevant for the self-absorption-effect,
because optical paths in the sample can easily be on the length
scale of millimeters. By controlled reduction of the reflection
probability at the back side of a single crystal we could experimen-
tally alter the intensity of the additional PL peak, thus providing
compelling evidence for our conclusion. Using a relatively simple
quantitative model, we were also able to simulate the PL spectra
including the additional peaks and the spectral shifts that were
observed in the experiment upon changing the reflectivity. Our
results will help to interpret photoluminescence spectra of lead
halide perovskites correctly by delivering a better understanding
of the effects and importance of self-absorption and internal
reflections in this material class.

2296 | J Mater. Chem. C, 2020, 8, 2289-2300

View Article Online

Journal of Materials Chemistry C

4. Experimental section
4.1 Sample preparation

MAPDI; single crystals were prepared following the inverse
temperature crystallization technique.?! In brief, the synthesis
started with a 1-1.3 M solution of MAI (from Dyesol-Limited,
Now GreatCell Solar) and Pbl, (Sigma-Aldrich) in gamma-
butyrolactone (GBL, Sigma-Aldrich). The precursors dissolved
in GBL after 30 minutes of vigorous stirring at 60 °C. Upon
filtering the solution using 0.22 pm PVDF filters, the stock
solution was then distributed into small vials with 3-4 ml of
solution each. The vials were kept undisturbed in an oil bath
for 3-4 hours at 110 °C. Once the desired size of the crystals was
achieved, the crystals were removed from the synthesis solution,
washed quickly with fresh GBL, dried with a N, flow.

EA, 1;MA, g3Pbl; single crystals were grown using the antisolvent-
vapor diffusion assisted crystallization method, as reported
8283 In brief, the precursor solutions were prepared
by dissolving proper amount of methylammonium iodide,
ethylammonium iodide and Pbl, in y-butyrolactone in a ratio
of 0.15 M:0.15 M:0.1 M. The precursor solutions were then
loaded in a small crystallizing dish with aluminum foil cover,
which was then placed in a bigger dish with antisolvent, namely
dichloromethane, loaded. The whole setup was sealed with an
aluminum foil cover. The inner cover was left with a ~0.5 mm
hole to let the antisolvent vapor diffuse inside the precursor
solution. The growth process usually takes 4-6 days.

For the Synthesis of the MAPDbBr; single crystals, a 1 M
solution of MAPbBr; in DMF was prepared by mixing equimolar
amounts of MABr and PbBr, in DMF over a period of 1 h.
5-10 ml of the solution were filtered over a 200 nm PTFE filter
and placed in a glass Petri dish. The Petri dish was placed on a
hotplate and set to 47.5 °C. The heat was increased slowly until
the first nuclei were forming outside the mould. Then the
temperature was increased to 75 °C with a rate of 5 °C per
hour. The crystals were removed from the hot solution and
washed with ether.

For fabrication of the MAPDI; thin films, the substrates were
cleaned with detergent followed by sonication in deionized
water, acetone and ethanol for 10 min each, and dried with
clean dry air. After ozone treatment (at 50° for 15 min with 2 1 per
min Oj; flow), the substrates were transferred in a glovebox under
N, atmosphere. For MAPbI; formation, we adapted a published
procedure®®® and optimized it as follows. Pbl, (1 M) was
dissolved in N,N-dimethyl formamide overnight under stirring
conditions at 100 °C and 80 pl solution was spin coated on the
quartz substrates at 2000 rpm for 50 s, and dried at 100 °C for
5 min. 100 mg MAI powder (see ESIt for details) was spread out
around the Pbl, coated substrates with a Petri dish covering on
the top and heated at 165 °C for 13 h for full conversion.

elsewhere.

4.2 Photoluminescence and absorption measurements

The temperature-dependent 1PI-PL of all samples and the
fluence-dependent PL were performed using a home-build
setup. The samples were put in a continuous flow cryostat
(Oxford Instruments, Optistat CF) connected to a temperature
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controller (Oxford Instruments ITC503S). The sample is excited
with a 337 nm nitrogen laser (LTB MNL 100). The signal is collected
via a charge-coupled device (CCD) camera (Andor iDus DU420a-OE)
coupled to a spectrograph (Andor Shamrock SR303i).

The passivation experiments and the experiments with the
glycerin drop at the back of the crystal were performed on air at
room temperature. The crystals were excited using the nitrogen
laser (LTB MNL 100) and the emitted PL was collected with an
optical fiber and detected by a CCD camera (Andor iDus
DU420A-OE) coupled to a spectrograph (LOT Oriel MS125).
For both measurements, the sample was not moved between
initial and final measurement. For the passivation measure-
ment, it was ensured that all liquid evaporated before the final
PL measurement by waiting for five minutes.

For temperature-dependent 2PI-PL measurements, the
perovskite crystals used for this experiment were placed in a
continuous flow cryostat, connected to a temperature controller
(Oxford Instruments MercuryITC). For excitation, we used a
mode-locked titanium-sapphire laser (Coherent Chameleon Ultra),
with its emission center wavelength adjusted to 1000 nm. The laser
power was reduced to 26 mW at 4.73 MHz and focused to a spot
with a beam waist of 0.01 mm at the position of the sample. For
the transmission measurements of the single crystal, a broadly
fluorescent material was placed in the cryostat and its PL was
measured once without and once with crystal in front of it. This
technique has the advantage against conventional transmission
measurements that diffraction effects that deflect the transmitted
light from the optical axis play only a little role.

For each set of experiments, a new crystal was used to exclude
any influence of degradation effects by previous measurements
on the results of the experiment. All PL data were corrected by
the corresponding setup efficiency.
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1. Logarithmic version of Figure 1a
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Figure S1: Logarithmic plot of the PL of the iodine samples at 200 K from Figure 1 in the main
text. In the logarithmic depiction of the PL of the MAPbIs thin film, the additional shoulder at

1.53 eV becomes more obvious.

2. PL Peak 2 intensity dependence on excitation laser spot
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Figure S2: Left: Normalized PL of a MAPbI; single crystal at 170 K. Between both

measurements the spot of the excitation laser was moved in such a way that at the first
position, Peak 2 was less pronounced (spot 1, black curve), while for the second position,
Peak 2 was strongly pronounced (spot 2, red curve). Right: Normalized PL of a MAPbI3 single
crystal at 300 K under vertical detection (black) and slanted detection (red) as illustrated in

the inset.
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3. Temperature-dependent PL of other perovskite samples
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Figure S3: Temperature-dependent PL of the MAPDblI3 thin film (TF), the EAo.17MA0.83Pbl3 single
crystal and the MAPbBr3 single crystal. The temperature difference between each line is 20 K.

4. Spectral decomposition of measured PL spectrum
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Figure S4: Decomposition of the PL spectrum of the MAPbIsz single crystal at 200 K. The
experimental data is shown in black. The red curve presents an empiric fit to Peak 1 using two
hyperbolic secants with equal intensity and width, but shifted by 14 meV to obtain a better
fit. The difference between fit and data is plotted in blue and presents the shape of Peak 2.
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5. PL of the MAPbDI; single crystal between 160 — 120 K
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Figure S5: PL spectra of the MAPDbI3 single crystal in the phase transition region between 160 K
and 120 K.

6. Low-temperature PL of the MAPbI; single crystal

v r r — T ]
TinK: 73

i 80
— 60 .
40 §
_20.

5 73

PL (arb. u.)

-

M E
e (LR PV
e*l“

JEny
<
[N
T

15 1.6 1.7 1.8
Energy (eV)

[
<

[

:P TTTIm TTIr

Figure S6: Temperature-dependent PL of the MAPbIs single crystal in the range between 80 K

to5K.
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7. Verification of different extend of strain in the MAPDbI; films on
PET- and glass substrate

As mentioned in the main text, strain in the sample has influence on the phase transition of
the perovskite. The quantification of the tetragonal to orthorhombic phase transition of the
MAPDIs thin films on PET and glass substrate via their absorption spectra (see Figure S7a,b)
was performed identical to the method described in in the work by Meier et al. and Panzer et
al..’2 We extracted the optical density (OD) of the films at 1.62 eV from 170 K to 100 K (Figure
S7c). As only the tetragonal phase absorbs at this energy in this temperature range, the OD
value is representative of the amount of tetragonal phase in the system. We then calculated
the derivative of the temperature dependent OD and fitted this with a Gaussian function
(Figure S7d), where its center is the critical temperature Tc and its full width at half maximum
(FWHM) describes the width of the phase transition. By doing so, we obtain for the film on
the glass substrate T¢glass = 145.9 £ 0.3 K, FWHMgass = 10.1 £ 0.7 K and for the PET substrate
Teper =147.2 £ 0.2 K, FWHMper = 8.8 £ 0.6 K.

Additionally, strain in the sample should have influence on the lattice constants and thus on
the PL peak position. We therefore analyzed the temperature-dependence of the PL peak
position of the MAPbI; films on PET and glass substrate (see Figure S7e), where we find a shift
of 0.25 meV/K for the sample on glass, and 0.28 meV/K for the sample on PET. The reduced
shift for the sample on glass is consistent with more strain being present that counteracts the
decrease of the lattice constant of MAPbIs upon cooling. This leads to a decreased
temperature depend band gap shift, which is reflected in the PL position.
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Figure S7: Temperature-dependent absorption of a MAPbIs thin film on (a) PET and (b) glass
substrate. (c) Optical density of both films at 1.62 eV in the temperature range of the
tetragonal to orthorhombic phase transition, i.e. 170 K to 100 K. (d) Derivative of the OD at

1.62 eV together with Gaussian fits (solid lines). (e) Temperature-dependence of the PL peak

position of the MAPbIs films on PET (black squares) and glass substrate (red circles), together
with linear fits to the data points.
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8. Spectral decomposition of the PL of MAPbI3 film on glass and PET
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Figure S8: Spectral decomposition of the MAPblIs film on glass (left) and PET substrate (right)

by fitting a hyperbolic secant to Peak 2
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9. Discussion of the spectral blue shift upon passivation

A schematicillustration of the influence of surface passivation on the PL is shown in Figure S9.
Before passivation, there is an increased defect density and consequently an increased non-
radiative recombination rate near the surface of the perovskite (blue shaded area).
Consequently, the PL intensity is reduced in the surface region and most of the detected PL
comes from the inside of the material and thus is to a certain extend self-absorbed and
therefore red-shifted compared to the intrinsic PL. Surface passivation reduces the defect
density at the surface and consequently increases the PL intensity in this area. Hence, the
detectable PL after passivation is on average less self-absorbed and less red-shifted than
before passivation. Therefore, the PL after surface passivation occurs blue-shifted compared
to the PL before passivation.

A
L Laser excitation Laser excitation
Fy profile Defect mediated Fy profile
§ \ non-radiative §
k= channels at surface € Radiative
:_5} :S'- recombination
@ Radiative i
C . . C
) recombination o
=] o
depth depth

Figure S9: Schematic illustration of the PL intensity (solid line) as a function of depth after laser
excitation (dashed line), before (left) and after surface passivation (right).
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10. Estimation of charge carrier density after excitation

The initial charge carrier density n;,;tiq; Near the surface of the sample after laser excitation
for very short laser pulses, can be estimated by the laser fluence H, divided by the photon
energy Eppoton, times the absorption coefficient a:

H,
Ninitial = E. a
photon

With Epnoton = 3.67 €V, @ = 5-10% cm™1,2 the lowest fluence H, = 10 -2 used in this
study corresponds to an initial charge carrier density 1t (10 %) = 8.5-10'® cm™3 and
the highest fluence H, = 420 %corresponds to an initial charge carrier density
Ninitial (400 %) = 3.6 - 10?°cm™3. However, the sample is excited in a finite time, that is
the pulse width T,,;5c = 3 ns of the excitation laser. On this time scale also recombination
processes need to be considered. Thus, the change of charge carrier density near the surface
during excitation is given by
dn H, 5 3
dr Ephoton Tpulsea ~ (an o )
With typical values for the rate constants, k; = 10%, k, = 6.8-1071% and k; = 107293
we obtain for the lowest fluence n(lO %) = 2-10'® cm™3 and for the highest fluence
n (400 %) = 1.2 - 10 cm™3. We point out that this reflects only the charge carrier density

near the surface and directly after laser excitation, so that the calculated values represent an
upper limit.
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Investigating the Tetragonal-to-Orthorhombic Phase
Transition of Methylammonium Lead lodide Single Crystals
by Detailed Photoluminescence Analysis

Konstantin Schétz, Abdelrahman M. Askar, Anna Kohler, Karthik Shankar,

and Fabian Panzer*

Here, the phase-transition from tetragonal to orthorhombic crystal structure
of the halide perovskite methylammonium lead iodide single crystal is investi-
gated. Temperature dependent photoluminescence (PL) measurements in the
temperature range between 165 and 100 K show complex PL spectra where

in total five different PL peaks can be identified. All observed PL features can
be assigned to different optical effects from the two crystal phases using
detailed PL analyses. This allows to quantify the fraction of tetragonal phase
that still occurs below the phase transition temperature. It is found that at
150 K, 0.015% tetragonal phase remain, and PL signatures are observed from
quantum confined tetragonal domains, suggesting their size to be about

7-15 nm down to 120 K. The tetragonal inclusions also exhibit an increased
Urbach Energy, implying a high degree of structural disorder. The results

first illustrate how a careful analysis of the PL can serve to deduce structural
information, and second, how structural deviations in halide perovskites have
a significant impact on the optoelectronic properties of this promising class

years. In addition to the development of
suitable film production methods, pro-
gress in understanding the relationship
between the perovskite crystal struc-
ture and electronic structure, i.e., optical
properties, is an important building
block for their success.'”® In this con-
text, the prototypical halide perovskite
MAPDI; has developed as model system,
as it also exhibits a temperature induced
phase transition between tetragonal and
orthorhombic crystal structure at around
160 K, which clearly affects its optical
properties.*”) Various parameters have
been identified which can influence this
phase transition, such as the exact stoi-
chiometry of the perovskitel®! or external
constraints.’! Also, the phase transition

of semiconductors.

1. Introduction

The unique development of optoelectronic components based
on halide perovskites has attracted much attention in recent
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was found to proceed differently with tem-
perature, depending on whether a single
crystal or a thin film is investigated. In the
case of thin films, aspects such as strain,
disorder or polycrystallinity were reported to play an impor-
tant role in inhibiting the phase transition, i.e., it takes place at
lower temperatures and/or over a wider temperature range.[
Accordingly, the existence of tetragonal phase even far below
160 K was reported, mostly based on temperature-dependent
optical investigations.*"12] In contrast, studies on single crys-
tals, often based on scattering investigations, suggest that the
phase transition is complete at higher temperatures, i.e., it
proceeds in a small temperature range of a few Kelvin.'3 In
contrast to scattering methods, the investigation of the phase
transition by temperature-dependent optical spectroscopy is rel-
atively easily accessible. It exploits the fact that tetragonal and
orthorhombic phases have different band gaps and thus exhibit
distinct optical signatures. However, several additional peaks
and/or shoulders are often observed in the photoluminescence
(PL) spectra during the transition and at lower temperatures
for single crystals.*3%5] The exact origin of these additional
PL signatures is still under debate and thus no precise under-
standing of the phase transition has evolved yet. In general, it
has been shown that self-absorption effects can play an impor-
tant role and need to be considered when analyzing measured
PL spectra.-22l We recently demonstrated that self-absorption
can even lead to additional peaks in measured PL. With a rel-
atively simple optical model it was possible to reproduce and
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Figure 1. a—d) Temperature-dependent photoluminescence of a MAPbl;
single crystal from 200 to 100 K, grouped in different temperature regions.

analyze the additional peaks in the case of pure tetragonal or
orthorhombic crystal phases.?’]

Encouraged by these findings, we investigate in detail the
tetragonal-orthorhombic phase transition of a MAPbI; single
crystal using temperature-dependent PL spectroscopy. In the
temperature range from 160 to 100 K, we observe complex PL
spectra with five different PL peaks. By systematic investiga-
tion and detailed modelling of optical effects, it is possible to
differentiate the PL signatures of electronic states from those
caused by optical effects. This allows quantifying the fraction of
tetragonal phase with a high sensitivity, where we find residual
tetragonal phase to be present down to 120 K even in the case
of a single crystal. Our work thus emphasizes the limited phase
purity upon structural changes of hybrid perovskites even in
the case of single crystals and sheds further light on how to
analyze and interpret PL spectra consisting of multiple peaks.
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2. Results

Figure 1 shows the temperature dependent PL spectra of a
MAPDI; single crystal in the temperature range between 200
and 100 K, grouped into temperature ranges comprising sim-
ilar spectra. The temperature for the tetragonal to orthorhombic
phase transition was identified to be at 163 K in the case of
single crystals.?#2°] Thus, the spectra in Figure la at 200 and
165 K are associated with the tetragonal phase. They show two
peaks centered at about 1.55 and 1.48 eV. In a previous study we
could clarify the origin of the two peaks,?3] where the higher
energy peak (PL.y.) at 1.55 eV is due to PL that leaves the
crystal without significant self-absorption, such as PL generated
close to the crystal surface. In contrast, the lower energy peak at
1.48 eV (PLgjereq) results from an inner filter effect, i.e., it is due
to PL that suffered significant self-absorption as it experienced
a longer optical path through the perovskite bulk. Here the rel-
atively high probability for reflections at the inner surfaces of
the crystal can significantly boost the length of the optical path
that the filtered PL experiences (also see Figure S1 in the Sup-
porting Information for details).

Upon further cooling, the PL spectra become more complex.
In the range from 160 to 150 K, a new peak appears at 1.67 eV
that shifts by about 5 meV to lower energies during cooling
to 150 K. Furthermore, there is a shoulder (“peak B”) around
1.57 eV at 160 K that becomes weaker with cooling, and a peak
at 1.53 eV (“peak C”) that shifts by 30 meV to higher energies
and increases in intensity by about 60%. We can readily assign
the peak at 1.67 eV to an optical transition in the orthorhombic
phase (PLg,,)-2°28 In contrast, the origin of peaks B and C is
not as straightforward and needs more detailed investigation.
Upon further cooling (Figure 1b), peaks B and C seem to merge,
and in the temperature range from 140 to 120 K (Figure 1c), a
new sharp peak at 1.60 eV appears and gains intensity (peak D).
At 110 and 100 K, (lowest temperature we investigated), only
PLymo and peak D remain (Figure 1d). We always observed the
above-described PL evolution for different MAPDI; single crys-
tals, suggesting that it is a general behavior.

To identify the origin of the various peaks, we take a twofold
approach. First, we consider PL spectra collected from a dif-
ferent angle. This allows us to identify self-absorption effects,
as we found the relative intensity of PLg, to be sensitive on
the measurement geometry.?’l Second, we model the optical
spectra under consideration of optical effects such as reflection
and reabsorption.

Figure 2a shows the PL spectra taken at 160 K for two
measurement geometries, which slightly differ in the angles
between single crystal and the incident laser beam. The
difference between the two spectra is also shown (orange
shaded area). It is obvious that the spectra differ only in
the intensity of peak C, indicating that peak C stems from
filtered PL due to self-absorption effects. Likewise, the PL
spectra taken under varied geometries at 100 K (Figure 2b)
differ in the intensity of peak D, so that we assign peak D to
filtered PL of the orthorhombic phase (see Figure S2 in the
Supporting Information for all measured spectra between
165 and 100 K).

To underpin the assignment of peak C and peak D to filtered
PL, we attempt to reproduce the spectra by optical modelling as
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Figure 2. a,b) PL of a MAPbI; single crystal in a geometry with strongly (black solid) and weakly pronounced (black dashed) self-absorption effect, as
well as the difference (orange) between both spectra at a) 160 K and b) 100 K. c,d) Modelled PL (green circles) considering self-absorption, decomposed
in tetragonal (red), orthorhombic (blue), and filtered PL (orange) at c) 160 K and d) 100 K, together with the measured PL spectra (black solid lines).

presented in our earlier work.l?! In brief, we consider the one
dimensional charge carrier distribution generated in the crystal
by our 337 nm laser excitation. This charge carrier distribution
leads to PL that can travel either to the front or to the back of
the crystal, where it is transmitted or reflected at the interface
of the perovskite and its surrounding media. The probability
for this is determined by the refractive index of the perovskite
and the surrounding media, in our case helium. On the way
through the crystal, the PL is absorbed by the perovskite. Con-
sidering a possible mismatch of excitation and detection spot,
the PL leaving the crystal after multiple reflections (filtered PL)
can be amplified by a constant factor in our model. The crystal
length is set to 1 mm, in accordance with the size of the used
crystal. The reflection probability at the perovskite-helium inter-
face is estimated to be 0.85 by using the Fresnel equations and
averaging over all incident angles. For the absorption spectra of
the tetragonal phase of MAPDI;, we combine the room temper-
ature absorption coefficient reported by Crothers et al.l?) with
the temperature-dependent absorbance data of the Urbach tail
reported by Ledinsky et al.}% Since during the phase transition
tetragonal and orthorhombic phase coexist, the total absorp-
tion spectrum of the crystal is a combination of a certain frac-
tion of tetragonal phase absorption and orthorhombic phase
absorption. For the latter, the absorption coefficient is approxi-
mated by absorption data from thin films and an extrapolated
Urbach tail based on transmission measurements of a single
crystal (see Section S3 in the Supporting Information for full
details of the modelling approach).[%2l In principle, and sim-
ilar to absorption, the total PL spectrum is the sum of tetrag-
onal and orthorhombic PL. Since energy transfer from the
orthorhombic to the energetically lower tetragonal phase can
occur easily,?132] the tetragonal PL is expected to appear over-
proportionally intense in the measured spectra. Furthermore,
the different PL features, including filtered PL and the intrinsic
PL peaks of tetragonal and orthorhombic phases, typically
overlap spectrally. This makes the modeling of the measured
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spectra in the phase transition region more complex compared
to the analyses of PL spectra of pure phases. A complete mod-
eling of the spectra, including a clear identification of peak C
and D, requires first to identify clearly the contributions from
neat phases. To access the spectral shape of the intrinsic PL, we
recall that the PL lineshape as a function of photon energy E of
a classic inorganic semiconductor is described by a generalized
Planck law, which reads

PL(E) e A(E)E? exp(—i) (Y

kT

where A(E) is the absorptivity, kp is the Boltzmann constant
and T is the temperature.33] For the intrinsic PL line-shape, i.e.,
the PL without effects of self-absorption, A(E) in Equation (1)
can be replaced by the absorption coefficient ¢o/(E) (see Sec-
tion S4 in the Supporting Information).*¥ Below the band gap,
MAPDI; shows band tail absorption, which decreases exponen-
tially toward lower energies.[® Tt is well described by Urbach
tail absorption, expressed by o(E < Epeexp(E/E,), with E,
being the Urbach Energy.’¢l Above the band gap, the absorp-
tion is roughly constant in the relevant energy range for the
PL, that is the spectral range where PL and absorption overlap
(Figure S3, Supporting Information). We thus approximate the
shape of the absorption spectrum according to

%
exp(—E;Eo)+1

(see Section S4 and Figure S3 in the Supporting Information
for details regarding comparison of modelled and experimental
spectra). The PL lineshape is then given by

o(E)= ()

1 E
el
exp(_E—Eo)+1 ksT

u

PL(E)=1I, (3)
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Using Equation (3), we fitted PL data of MAPDI; single crys-
tals and thin film at different temperatures where the material
is either in the pure tetragonal or pure orthorhombic phase. We
obtained a good agreement between experimental and fitted
PL (Figures S3 and S4, Supporting Information), although it
was necessary to replace exp(—E/kpT) with exp(—0.825E/kpT) in
Equation (3) in the case of single crystals. While the origin of
this factor is not fully clear, there are indications that it occurs
from a self-absorption effect as described in more detail in the
Supporting Information (Section S5, Supporting Information).

Successfully modelling the intrinsic PL spectra of pure
crystal phases builds the basis for modeling and fitting the
measured PL at 160 K, where tetragonal and orthorhombic
phases coexist. While the temperature is given from the experi-
mental conditions, the relative intensities and energetic posi-
tions of the intrinsic PL peaks, the Urbach energies and the
fraction of tetragonal inclusions are optimized to obtain best
agreement with the measured spectrum. We use the energetic
position of the tetragonal PL peak at 165 K, assuming that it
does not change significantly within the first 5 K of the phase
transition. The modelled PL with its decomposition in the indi-
vidual contributions is depicted in Figure 2c, showing very
good agreement with the experimental data. This underpins
that peak C is due to filtered PL, while peak B appears to stem
from residual tetragonal inclusions. At 100 K, we model the PL
assuming that tetragonal inclusions are absent (Figure 2d). The
modelled PL can nicely reproduce peak D, further supporting
that it is due to filtered PL from the orthorhombic phase. How-
ever, the low energy edge, i.e., the PL below =1.56 eV, cannot be
reproduced assuming only orthorhombic PL.

Having understood the individual features in the PL spec-
trum at 160 K, we next attempt to extract detailed information
about the tetragonal-orthorhombic phase transition by fitting
the measured PL spectra between 160 and 100 K using our mod-
elling approach. To do so, it is reasonable to investigate how a
variation of parameters such as the content of tetragonal inclu-
sions, the tetragonal PL intensity or tetragonal PL peak posi-
tion affects the modelled spectra. Figure 3a shows modelled PL
spectra differing in the content of tetragonal inclusions, while
all other parameters remained unchanged. Upon reducing the
content of tetragonal inclusions from 1% to 0.1%, peak C shifts
from =1.52 to =1.55 eV and its intensity increases. This PL
change follows since the reduction of the content of tetragonal
phase is accompanied by a corresponding change in the absorp-
tion edge, thus influencing the effect of self-absorption on the
intrinsic PL. This causes the signature of the filtered PL to shift
more and more toward the spectral position of the intrinsic
PL of the tetragonal phase. These spectral changes fit nicely to
the measured PL changes between 160 and 150 K in Figure 1b.
Here we also want to point out that the above-mentioned rela-
tionship between the fraction of tetragonal phase and the ener-
getic spacing between PLy; ey and PLigy inprinsic allows extracting
the fraction of tetragonal phase from fitting our model to
the measured PL spectra. Upon cooling, the experimentally
observed shift of peak C saturates at 1.57 eV (Figure 1b), where
it becomes indistinguishable from PL,, similar to the spec-
tral changes in the modelled spectra for a decreasing fraction
of tetragonal phase below 0.1% (Figure 3a). Further reducing
the fraction of tetragonal phase results in an enhancement
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Figure 3. Modeled PL for a) different fractions of tetragonal phase, b)
decreasing tetragonal PL intensities, and c) blue-shift of the tetragonal
PL peak, using the spectral shapes of tetragonal and orthorhombic PL
at 160 K.

of a PL signal at =1.6 eV. This is caused by the fact that the
small fraction of tetragonal phase has only little influence on
the absorption edge, which is thus almost exclusively domi-
nated by absorption of the orthorhombic phase. Accordingly,
the self-absorption effect is mainly determined by the absorp-
tion of the orthorhombic phase, i.e., the feature at 1.6 eV corre-
sponds to filtered PL of the orthorhombic phase. The peak posi-
tion of this PL feature, as well as its growth, fit very well with
the experimentally observed appearance of peak D between 140
and 120 K in Figure 1c. So far, we can conclude that the shift of
peak C and the emergence of peak D observed in the measure-
ments upon cooling from 160 to 120 K can be understood qual-
itatively simply as the result of a reduction in the fraction of
tetragonal phase. However, from Figure 1b it becomes clear that
upon cooling the low energy edge (<1.5 eV) of the measured
PL spectra shifts to higher energies, a spectral dynamic which
cannot be captured by just changing the content of tetragonal
phase in our model (Figure 3a). This makes it necessary to also
allow changing the PL intensity of the tetragonal phase, which
is reasonable as the fraction of tetragonal phase decreases.
The impact of changing the PL,, intensity on the overall PL
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Figure 4. Measured (black solid line) and modelled (green circles) PL
at 140 K and spectral decomposition in orthorhombic (blue), tetragonal
(red), and filtered PL (orange). The dashed lines indicate individual con-
tributions of orthorhombic and tetragonal phase to the filtered PL.

spectrum is shown in Figure 3b, where exemplarily PLi., is
reduced to a third of its intensity, while the fraction of tetrag-
onal phase is constant at 0.001%. With that, it is possible to
account for the experimentally observed shift of the low energy
edge, while it is also obvious, that lowering the tetragonal PL
intensity always results in a double peak in the spectral region
between 1.50 and 1.60 eV, consisting of peak C/B and peak D.
This is at variance especially with the measured PL spectrum at
130 K (Figure 1c), where we observed only one broadened peak
in the energy range between 1.50-1.63 eV. Allowing PLi., to
shift to higher energies by about 20 meV resolves this deviation
between modelled and experimental PL (see Figure 3c).

Using the insights gained from Figure 3, we finally modelled
the measured spectra between 160 and 100 K. To fit the meas-
ured spectra we varied the fraction of tetragonal phase, PLiy,
peak position and PLy., intensity. Furthermore from modeling
the intrinsic PL of tetragonal and orthorhombic phase using
Equation (3), also the Urbach energies of the two phases E,, e,
and E, oo, Were derived. Figure 4 shows an exemplary fit and
its spectral decomposition for the PL at 140 K, (see Figure S5
in the Supporting Information for fits to the PL spectra at the
other temperatures investigated), from which the good match
between measured spectrum and modelled PL is evident. From
Figure 4, it also becomes clear how significant the propor-
tion of filtered PL from the tetragonal phase (red dashed line
in Figure 4) can be, even though the intensity of the intrinsic
PLiyra (solid red line in Figure 4) is relatively low.

Fitting the temperature dependent PL spectra yields the tem-
perature evolution of the fit parameters. Figure 5a shows the
content of tetragonal inclusions and the integrated intensity
of the direct tetragonal PL (normalized to the value at 165 K)
between 165 and 100 K. We also extracted the content of tetrag-
onal inclusions based on transmission data of a MAPDI; single
crystal from one of our earlier works.[?3l This crystal was grown
via the same synthesis route as the crystal used in this study,
so that we expect a similar phase transition behavior. Indeed,
we find that the content of tetragonal inclusions extracted from
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Figure 5. a) Intensity of the tetragonal PL normalized to the value at 165 K
(black squares) together with the content of tetragonal phase in the crystal
(orange circles) as a function of temperature. The content of tetragonal
phase at 155 and 150 K as extracted from transmission measurements
on similar MAPbI; single crystals from an earlier worki??l is also shown
(open black circles). The grey shaded area indicates the upper limit of the
content of tetragonal phase below 140 K. b) Temperature-dependence of
the tetragonal PL peak position. c) Temperature dependent Urbach ener-
gies of the tetragonal (blue triangles) and orthorhombic phase (green
squares) together with fits according to Equation (5).

both methods (transmission and PL measurements) agree well,
supporting our PL analysis approach. Upon cooling, the con-
tent of tetragonal phase drops drastically from 100% at 165 K to
0.7% at 160 K. From there, it further decreases exponentially by
about two decades per ten Kelvin to 0.001% at 145 K. At 140 K,
the content is so low that no PL filter-effect of tetragonal inclu-
sions occurs, so that a precise quantification of the fraction of
tetragonal phase is not possible anymore. Nevertheless, the
missing filter effect allows estimating the content of tetragonal
inclusions to be below 107%% (indicated as grey shaded area
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in Figure 5a). Similarly, the integrated intensity of the direct
tetragonal PL decreases roughly exponentially upon cooling,
reaching 2% at 120 K. Thus, it decreases at a rate of about 0.4
decades per ten Kelvin, i.e., less drastic than the decrease of
content of tetragonal inclusions. From 120 K, the intensity of
the direct tetragonal PL stays roughly constant. However, as
mentioned before, below 120 K the spectral signatures of the
tetragonal phase is very weak, so that corresponding fit parame-
ters might exhibit a relatively large error. From the temperature
dependent fitting of the measured PL spectra, also the peak
position of the tetragonal PL was extracted, which is shown
in Figure 5b. Starting from 1.558 eV at 165 K, the PL shifts to
higher energies, i.e., to 1.562 eV at 150 K. Upon further cooling,
this shift becomes more intense, so that the peak position of
PLieyr is 1.580 eV at 130 K. After that it reaches its final posi-
tion at 1.583 eV at 120 K. Figure 5c displays the temperature-
dependence of the Urbach energies of the tetragonal and the
orthorhombic phase E, ey, and E, o0 Here we assume that
the factor of 0.825 that we needed to introduced in Equation (3)
(vide supra) has an artificial origin. We therefore corrected the
Urbach energies obtained by fitting Equation (3) to the PL data
accordingly (see Section S5 in the Supporting Information).
The Urbach energy of the pure tetragonal phase decreases
linearly from 14.2 meV at 300 K to 8.2 meV at 165 K. In the
temperature range of the phase transition, this trend continues
until 155 K, where the Urbach energy of the tetragonal phase
is 77 meV. Upon further cooling, the decrease in E o, flat-
tens out, changing by only 0.5 meV from 155 to 100 K. At 160 K
E, ortho 18 8.2 meV, i.e., similar to the value of E, iy, at this tem-
perature. However in contrast to the behavior of E, ., in the
transition region, E, ., decreases more rapidly, that is, with a
similar slope as E, i, between 300 and 165 K, reaching a value
of 5.6 meV at 100 K (Figure 5c). The temperature-dependence
of the Urbach energy can be expressed as!*’]

(G ()

where T is the absolute temperature, 6 is the Einstein char-
acteristic temperature of the phonons that interact with the
free charges,’”38l and o is the so-called Urbach Edge para-
meter.’”] The parameter X = (U?),/{U%), with (U?), being the
zero-point uncertainty of the atomic positions, is related to
the structural disorder in the system and would be zero for a
perfect crystal.’73% Assuming a perfect crystal (X = 0), the
term 6/(20p) can be referred to as the static disorder E,,, and
Equation (4) becomes!*!

E,(T)=E,o+2E,,- {exp(%)_ 1}71

Fitting Equation (5) to the temperature dependent Urbach
energies of the orthorhombic phase from Figure 5c yields
Eioortho = (3.5%0.3) meV and 6,4, = (145 £ 13) K. For the
pure tetragonal phase, (i.e., considering the Urbach energies
between 300 and 165 K), we obtain E, g era = (3.6 £ 0.4) meV
and Oy, = (156 £ 19) K. Within the accuracy of the approach,
these values are identical to the values of the orthorhombic

)

(%)
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phase. The fits are indicated as dashed lines in Figure 5d. In
case of the tetragonal phase below the phase transition temper-
ature, a clear deviation between the expected Urbach energies
from Equation (5) and the values obtained from the measured
PL spectra becomes obvious.

3. Discussion

Several studies have so far investigated the tetragonal to
orthorhombic phase transition of MAPDI; thin films, powder
and single crystals. For thin films, typically a large tempera-
ture range of 2040 K can be observed in which both phases
coexist.#10124:42] This is argued to be caused by the polycrys-
talline nature of those films, where every grain can have a
slightly different transition temperature, depending, e.g., on
the grain size,® or the strain induced by the substrate.[101144
In powders, the temperature range of the coexistence was
reported to be smaller with 5-12 K,1%%] which is likely due
to the absence of substrate-induced stress on the lose parti-
cles.194] For single crystals, older works suggested that the
tetragonal-to-orthorhombic phase transition is abrupt and that
there is no coexistence of the two phases.'>”] However, more
recent works suggest that there is a small temperature window,
in which such a coexistence can be observed. Our finding that
the fraction of tetragonal phase reduces rapidly by =99% within
the first 5 K of the transition (Figure 5a), thus is in line
with the observations found in literature. However, the fact that
we observe PL signatures of tetragonal inclusions down to at
least 120 K deviates from the expectations from literature. This
finding suggests that also in the case of single crystals, certain
structural states in halide perovskites persist even if external
parameters such as temperature are changed over a wide range.
In contrast to the rapid decrease of the fraction of tetragonal
phase below the phase transition, the change in PL inten-
sity of the tetragonal inclusions shows a considerably milder
decrease (Figure 5a). This implies an efficient energy transfer
from orthorhombic phase to the tetragonal inclusions in the
temperature range of the phase transition, which is in line with
literature reports.3132 It also suggests that the tetragonal inclu-
sions can act as highly efficient traps for the excited states of
the predominant orthorhombic perovskite phase.

We also observed and quantified a blue shift of the PL of the
tetragonal inclusions by about 20 meV between 155 and 120 K
(Figure 5b). One cause of such a shift could be strain on the
tetragonal inclusions due to a mismatch between the lattice
constants of tetragonal and orthorhombic phase.”/l Based on
temperature-dependent PL measurements and comparison with
associated lattice constants, it is possible to estimate the strain
that would be necessary to shift the PL by 20 meV to higher ener-
gies via the Birch-Murnaghan-equation.®! With the assumption
that lattice dilation is the dominant factor for the temperature-
dependent shift of the PL maximum,/®'? we find tensile strain
values of 85-165 MPa (see Section S7 in the Supporting Infor-
mation for details). However, recent studies demonstrated that
the unit cell volume of the orthorhombic phase is smaller than
the one of the tetragonal phase,**#0 and thus there should be
compressive strain instead of tensile strain to affect the tetrag-
onal inclusions. Room temperature measurements showed that

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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pressure on MAPDI; leads to a red shift.5'>Y Assuming this to
also hold true at lower temperatures, strain would not be a satis-
fying explanation of the observed blue shift.

An alternative interpretation of the blue-shift is via a
quantum confinement effect, where the decreasing domain
size confines the excited state, leading to a blue-shift of the
PL.5®I The observed blue-shift of 20 meV implies domain sizes
of 7-15 nm, based on the correlation between PL peak position
and crystal size of MAPbI; nanocrystals found in literature, 6]
and on the assumption that this correlation also applies to the
tetragonal inclusions. We estimate the domain volume to be
about (15 nm)?, consider that 0.001% of the crystal is in the
tetragonal phase (as it is the case at 145 K) and we assume that
the tetragonal inclusions are distributed homogeneously. From
this, we obtain a number concentration of 3 x 102 cm™ and an
average distance of about 0.7 pm between the tetragonal inclu-
sions. This is in the range of the charge carrier diffusion length
reported in literature,>% suggesting that an efficient energy
transfer from orthorhombic phase to the tetragonal inclusions
is well possible. This also fits well with our observation that the
fraction of tetragonal phase decreases more rapidly compared
to the corresponding PL intensity (Figure 5a). These results
also emphasize that due to the efficient energy transfer, even
a low density of domains that deviate regarding their structure
from the investigated perovskite can have significant impact on
its PL spectra and thus its photophysical properties.

Regarding the extracted temperature dependent Urbach ener-
gies of both phases, we find that the values of E, g et and Gyeyry
agree well with the results from Ledinsky et al.,* who quantified
the temperature dependent Urbach Energies of the tetragonal
phase of MAPDI; thin films also on the basis of PL measure-
ments. Also, our observation that 6, and 6, exhibit identical
values indicates, that the electronically active phonon modes are
the same for orthorhombic and tetragonal phase and that their
energy does not change upon the phase transition. Further, we
observed that during the coexistence of both phases, the extracted
values for E, ., deviate from the ones expected according to
Equation (5). Since 6 appears to be constant, the higher values
of E, erra indicate a higher static disorder in the tetragonal inclu-
sions, increasing with decreasing domain size. This is reason-
able, when considering that the orthorhombic and the tetragonal
unit cells have different lattice constants, implying the build-up
of strain in the tetragonal inclusions (see above). The strain leads
to a distorted crystal structure, so that X (being a measure for the
static disorder) in Equation (4) increases.

Finally, we note that the PL in the temperature range from
160 to 120 K can be modelled with tetragonal, orthorhombic
and the corresponding filtered PL and no additional peaks
are necessary. This suggests in particular that there is no sig-
nificant contribution of bound excitons and defects to the PL
spectra down to 120 K.

4. Conclusion

In summary, we investigated the tetragonal-to-orthorhombic
phase transition of MAPDI; single crystals using temperature
dependent PL measurements. We carefully considered and
modelled optical effects to distinguish between optical features
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and intrinsic electronic transitions in measured PL spectra. We
quantified the fraction of tetragonal phase during the transition
with a high sensitivity, where we find that the tetragonal frac-
tion at 150 K has reduced to 0.001%. Additionally, we can still
identify PL signatures of tetragonal phase down to 120 K, where
its spectrum shifts to higher energies, being indicative of a con-
finement effect of the last bit of tetragonal inclusions. Overall,
this work demonstrates that the phase transition in MAPbI;
single crystals is not abrupt, but extends over 40 K, and PL of
bound excitons does not play a role above 100 K in our experi-
ments. Furthermore, our results show that even smallest con-
tents of structurally different inclusions in the perovskite can
have significant impact on its opto-electronic properties. This
aspect will be also relevant for perovskites with mixed stoichi-
ometry, where the structural homogeneity and its influence on
the optoelectronic properties is still unclear but crucial for the
further development of highly efficient perovskite solar cells.

5. Experimental Section

Sample Preparation: MAPbI; single crystals were prepared following
the inverse temperature crystallization technique.’! In brief, the
synthesis started with a 1-1.3 m solution of MAI (from Dyesol-Limited,
Now GreatCell Solar) and Pbl, (Sigma-Aldrich) in gamma-Butyrolactone
(GBL, Sigma-Aldrich). The precursors dissolved in GBL after 30 min of
vigorous stirring at 60 °C. Upon filtering the solution using 0.22 pum
PVDF filters, the stock solution was then distributed into small vials with
3—4 mL of solution each. The vials were kept undisturbed in an oil bath
for 34 h at 110 °C. Once the desired size of the crystals was achieved, the
crystals were removed from the synthesis solution, washed quickly with
fresh GBL, dried with a N, flow.

Photoluminescence Measurements: The temperature-dependent PL
measurements were performed using a home-built setup. The sample
was put in a continuous flow cryostat (Oxford Instruments, Optistat CF)
with an automated temperature controller (Oxford Instruments
ITC503S). The sample was excited with a 337 nm nitrogen laser (LTB
MNL 100). The signal was collected via a charge-coupled device (CCD)
camera (Andor iDus DU420a-OE) coupled to a spectrograph (Andor
Shamrock SR303i).

Supporting Information

Supporting Information is available from the Wiley Online Library or
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1. Alternative description of the result of the filter effect

Often it is possible to associate the occurrence of an optical filter effect with a valley in the PL spectrum
at the position where the absorbance sets in. This is valid for phase pure perovskite single crystals.™
However, for more complicated spectra,were different phases coexist, this does not necessarily hold
true. For example, if we consider the decomposed PL spectrum of the MAPbI; single crystal at 160 K
(see Figure S6), there is a valley in the spectrum at 1.61 eV, but this valley is not due to the filter effect
but due to the coexistence of tetragonal and orthorhombic phase. In contrast, the filter effect is
responsible for the small kink at 1.57 eV.

Additionally, since the filtered PL and the direct PL have different optical paths and we can tune their
intensity (to a certain degree) independently by varying the measurement geometry, it is preferable

to treat the PL features resulting from filtered and direct PL as distinct peaks.

103 1 v 1 v 1 v 1 v 1 v 1 v 1
—PL 165K PL erea
2
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Figure S1: PL of a MAPblI; single crystal at 165 K decomposed into direct (red) and filtered PL (orange)
and absorbed PL (grey). The absorbed PL was obtained by scaling Pt to the intensity of the low
energetic edge of PLgitered. The PL spectrum was recorded under such a geometry that the direct PL

was suppressed compared to the filtered PL.
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2. PL of the phase transition with different measurement

geometries
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Figure S2: PL from 165 K to 100 K with two different angles between single crystal and impinging
laser beam, resulting in (a) strong and (b) decreased relative Intensity of peaks C and D.
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3. Details on the modelling approach

To model the PL considering the effect of internal reflections and self-absorption, we calculated the
one-dimensional charge carrier distribution after laser excitation following the Beer-Lambert-Law
using the absorption coefficient of MAPbIs at 337 nm, which can be found e.g. in the work by Crothers
et al.”, This charge carrier distribution leads to photoluminescence via bimolecular recombination.
The PL can then travel towards either the front or the backside of the crystal, which were set to be
1 mm apart (corresponding to the size of the single crystals used in this study). On the way through
the crystal, the perovskite partly absorbs the PL. At the interface between perovskite and surrounding
media, the PL is either transmitted or reflected with a certain probability, allowing multiple inner
reflections. To consider a possible mismatch between excitation spot and detection spot, we allowed
a suppression of the PL coming directly from the crystal without inner reflections via the factor C. The

detected PL is then given by:

PLgetected(E) = C - PLgjrect (E) + PLfiltered(E)' (51)

where PLgjrect (E) and PLfjjtereq (E) are calculated according to the Beer-Lambert law via

PLairect(E) = fy PLint(E) - n(x)? - (1 = 17) - exp[—a(E) - x] dx (2)

PLuterea(E) = fy ¥jo1 PLin(E) - n(x)? - (1 —17) - {4; + B;} dx (S3)
with

Aj =1 1) - expl-a(E) - 2jL + x)] (S4)

Bi= 1/t ) expl-a(B) - (2/ — 1) - L+ (L — x))] (S5)
and:

PLiyn:(E): intrinsic PL lineshape

PLgirect (E): PL leaving the crystal at the front without internal reflections
Plgiterea (E): PL leaving the crystal after (multiple) inner reflections.

C: suppression constant for the direct PL

n(x): charge carrier density as a function of depth x inside the crystal
a(E): absorption coefficient of the material

77: reflection probability at the front interface
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13,: reflection probability at the back interface

L: length of the crystal

Since below 165 K both crystal phases coexist, the total intrinsic PL is given by a sum of tetragonal and

orthorhombic PL,

PLint(E) = D+ PLinttetra(E) + (1 = D) - PLintortno (E), (S6)
and likewise the absorption spectrum of the crystal with coexisting phases is

a(E) = F - trerra(E) + (1 = F) - @orepo (E). (S7)

D is the fraction of tetragonal PL and F is the fraction of tetragonal phase absorption. F is assumed to

correspond to the fraction of tetragonal phase in the crystal.

For the absorption spectrum of the tetragonal phase, we took the spectrum, reported by Ledinsky et
al.®! and normalized it to the absolute values of the absorption coefficient ¢, as they were reported by
Crothers et al..””! This approach was necessary as the temperature dependent absorption data from
Ledinsky et al. does not yield «, while the data in the work from Crothers et al. does not extend to the
spectral range of the Urbach tail. The absorption spectrum of the orthorhombic phase was
approximated by combining the absorption of a thin film with an Urbach absorption tail that was based

on transmission measurements of the single crystals (see Schétz et al.[¥).
The intrinsic PL lineshapes of orthorhombic and tetragonal phase are discussed in Sl Section 4.

The average reflection probabilities rr and r, were calculated via the Fresnel equations assuming a
refractive index of 2.5 for MAPbl; in the relevant energy range,” and of 1 for helium. Averaging over
all angles of incidence, we obtain a reflection probability of 0.85 for the perovskite-helium interface.
We note that this approximation does not consider that PL reaching the interface with a larger angle
also travelled a longer distance through the material. However a slightly bigger or smaller reflection

probability can be compensated easily by a slightly smaller or bigger crystal.

For comparison with measured PL spectra, the calculated spectrum PLlgetected(E) is Nnormalized to the

experimental data.
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4. Approximated absorption spectra and resulting PL line shape
As described in the main text, the PL lineshape of inorganic semiconductors in the absence of emission
related to defects or bound states, is given by a generalized Planck Law, following
PL(E) « A(E)E? ex (— i) (S8)
p kgT)’
where A(E) is the absorptivity, ks is the Boltzmann constant and T is the temperature of the sample.®
The absorptivity is related to the absorption coefficient a(E) by

1-exp(—a(E)d)
1-R(E)exp(—a(E)d)’

A(E) = (1 -R(E)) (S9)

where R(E) is the reflectivity at the interfaces.l”! To obtain the intrinsic PL line shape, which we need
for our optical modelling, it is useful to consider that the intrinsic PL is PL of the material without effects
of self-absorption or internal reflections, i.e. like PL from a very thin film with perfect light out-coupling.
This corresponds to R(E) in Equation (S9) being zero and d being very small. In this case, the relation
between the absorptivity and absorption coefficient is given by A(E) = 1 — exp(—a(E)d). Thisin turn
can be simplified for ad < 1 using a Taylor series, yielding A(E) = a(E)d, i.e. A(E) « a(E).
Therefore, the intrinsic PL lineshape is obtained by replacing A(E) with a(E) in Equation (S9).

Below the band gap, the absorption of MAPbI; is well described by an Urbach tail, which means that

a(E < Eg) & exp (EE), with the Urbach energy E..®®! We approximate the absorption spectrum by

%o

exp(—"52)+1’

a(E) = (510)

where ap is the absorption coefficient above the band edge and £y is a fit parameter and is an energy
near the band gap of the material. Equation (S10) fits the measured absorption edge well in the
spectral region that is relevant for calculating the PL via Equation (S9). Measured absorption spectra
of a MAPbI; thin film (presented in an earlier work®) at 300K and 150K together with the
approximated spectra according to Equation (510) are depicted in Figure S3, showing good

congruence. Inserting Equation (S10) into Equation (S8) leads to

1 E
PL(E) =~ I, @Ezexp (-=). (S11)

. kpT . .
For the special case of E}, = % and assuming that the spectral range of the PL is small so that E? ~

Io
exp[(E—Ey)/o]+exp[-(E-Eq)/o]

const., the PL line shape is a hyperbolic secant, PL(E) x , as it was used

as the PL line shape in an earlier work.”!
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Figure $3: Comparison of experimental absorption spectra (black open circles) of a MAPblI; thin film
with the fitted absorption spectra according to Equation (S9) (solid red line) at (a) 300 K and (b)
150 K, i.e. in the tetragonal phase. E; is indicated as dashed line. Also shown is the experimental PL
(green open triangles) together with calculated PL according to Equation (S10) (blue solid line).

To test the applicability of Equation (S11), we plotted the expected PL of the same MAPbI; thin film
according to Equation (S11), using the values of E, and Ep obtained from the fit of the absorption
spectra and compared it with measured PL spectra. The result is shown in Figure S3. Apart from a low
energy feature around 1.5 eV, which can be associated to filtered PL,*” the PL predicted from the

absorption spectrum from Equation (S11) and the experimental PL match very well.

To extend this framework also to single crystals, we fitted the PL of a MAPbI; single crystal at 165 K
and at 100K (i.e. in its orthorhombic phase) using Equation (S11), also considering self-absorption
according to Equation (S1)-(S5). Since we do not have an absorption spectrum of the single crystal, E,
and Ep are considered to be free parameters. The optimized fits are shown in Figure S4. To achieve an
agreement of the high energy edge of modelled and experimental PL, it was necessary to scale the
argument of the last exponential function in Equation (S11) by a factor of 0.825. This has the same
effect as an increased temperature of the sample. An apparently increased temperature obtained from
PL data was already reported earlier.**) A more detailed discussion of the flatter high energy edge of

the PL and its impact on the extracted Urbach energies can be found in Sl Section 5.

For the tetragonal PL, the modelled PL agrees very well with the experimental one (Figure S4a), while
the experimental orthorhombic PL shows a flatter tail for energies below 1.57 eV compared to the

modelled PL (Figure S4b). This indicates the existence of additional emissive states.
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Figure S4: Comparison of modelled PL including self-absorption effects and experimental PL of (a)

the tetragonal PL at 165 K and of (b) the orthorhombic phase at 100 K of a MAPblI; single crystal.
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5. Origin of flatter high energy edge of PL and impact on extracted
Urbach energies

A high energy edge of the PL of a perovskite sample that is flatter than one would expect from

Equation (S11), i.e. following exp (—%) was reported earlier, where it was speculated that it
B

originates from hot carriers after non-resonant excitation.** We note that the flatter decrease of the
high energy edge could also be caused from a self-absorption effect. We observed in an earlier work
that upon surface passivation, the room temperature PL doubled its intensity and shifted to higher
energies by about 15 meV, which we associated with more PL coming from the surface region and thus

self-absorption has less influence. Additionally, the high energy edge became steeper.! Fitting the

high energy edge with [jexp (— kE—T . c) with ¢ being the scaling factor described in Sl Section 4, reveals
B

an increase of ¢ from 0.82 before passivation (apparent temperature Ty, = % = 365 K) t0 0.91 after
passivation (T,,p. = 330 K) (see Figure S5). This emphasizes that also the flatter high energy edge,
resulting in an apparently increased temperature, is a consequence of self-absorption. This is
consistent with the finding that the factor c is not necessary for fitting PL of thin films, where self-

absorption effects are less pronounced.

10° |

10™

PL (norm.)

102 .
1.5

Energy (eV)

Figure S5: Room temperature PL of a MAPbI; single crystal before (red) and after passivation

(orange), together with exponential fits to the high energy falling edge according to I, exp (— £

kgT
)

If the flattening of the high energy edge of the PL is due to self-absorption, then also the Urbach

energies extracted with Equation (S11) are artificially too big. From Equation (511) it follows that the

u

low energy edge of the PL is determined by exp <(E —Ep) - (Ei - k_lr))’ i.e. by the difference Ei -
u B

ﬁ. The apparent Urbach energy E,, 4, obtained from fitting with the apparent temperature Ty,
B
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can be related with the actual Urbach energy E, and actual temperature T by the fact that for both

cases, Equation (S11) should result in the experimental low energy falling edge, implying

1 1 1 1

—_— = —— —. S12
Eu,appA kBTapp. Ey kpT ( )
Solving this for the actual Urbach energy and inserting Ty, = %yields
-1
1 1-c
Eu B (Eu,app. + k)TT> ’ (513)

The Urbach energies shown in Figure 5 in the main text are corrected according to Equation (S13)
and agree very nicely with the values reported by Ledinsky et al..*?! This underpins the association of

the factor c with a weak self-absorption effect on the direct PL in our single crystal PL spectra.

S10
123



6. Modelled PL spectra in the temperature range from 160 K to 100 K
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Figure S6: Experimental (black solid line) and modelled (green circles) PL spectra in the temperature
range from 160 K to 100 K, together with the decomposition in tetragonal (red), orthorhombic (blue)
and filtered (orange) PL. Dashed lines indicate the individual contributions of the two phases to the

filtered PL.
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7. Estimation of stress on tetragonal inclusions during the phase
transition

Assuming that the temperature-dependent shift of the PL is mainly due to the lattice dilation, we can
roughly estimate the change in unit cell volume needed to shift the PL by 20 meV to higher energies.
To do so, we extract the increase in temperature that would correspond to a certain energy shift from
temperature-dependent PL data (see Figure S7). We re-evaluated data reported in an earlier work.™
We find that the blue shift of 20 meV happens upon heating to 220 — 230 K. Calculating the initial unit
cell volume at 160 K and the one at 220 — 230 K with the help of the temperature-dependent lattice
vectors reported by Whitfield et al.*® yields an increase of the unit cell volume by 0.74% to 0.87%.
Applying Birch’s equation of states!**! and using typical values for the bulk modulus of MAPbl; of
14 GPal*>'"! |eads to a tensile stress of 85— 112 MPa. Extrapolating the tetragonal unit cell volume to

120 K and considering this as initial volume yields a tensile stress of about 165 MPa.

For the temperature-dependence of the PL peak position, the PL of a thin film was preferred in

comparison to that of a single crystal, since the former is less affected by self-absorption.
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Figure S7: Temperature-dependence of the PL peak position of a MAPbI; thin film.
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ABSTRACT: We show that mechanochemically synthesized halide perovskite Perovskite Powder
powders from a ball milling approach can be employed to fabricate a variety of lead ~

halide perovskites with exceptional intrinsic stability. Our MAPbI; powder exhibits
higher thermal stability than conventionally processed thin films, without degradation
after more than two and a half years of storage and only negligible degradation after ~ \ e/

heat treatment at 220 °C for 14 h. We further show facile recovery strategies of \\\,_:'// ° =

——fresh
- after 2.5 years

Il

-
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nonphase-pure powders by simple remilling or mild heat treatment. Moreover, we 201°
demonstrate the mechanochemical synthesis of phase-pure mixed perovskite powders,

such as (CsosFAgesPbl3)oss(MAPbBr;). 5, from either the individual metal and organic halides or from readily prepared
ternary perovskites, regardless of the precursor phase purity. Adding potassium iodide (KI) to the milling process successfully
passivated the powders. We also succeeded in preparing a precursor solution on the basis of the powders and obtained uniform
thin films for integration into efficient perovskite solar cells from spin-coating this solution. We find the KI passivation remains
in the devices, leading to improved performance and significantly reduced hysteresis. Our work thus demonstrates the potential
of mechanochemically synthesized halide perovskite powders for long-time storage and upscaling, further paving the way toward

commercialization of perovskite-based optoelectronic devices.

KEYWORDS: ball milling, MAPVI, passivation, solar cell, strain, hybrid perovskite

1. INTRODUCTION

Optoelectronic devices based on (hybrid organic/inorganic)
halide perovskites as active semiconductor materials have
undergone a remarkable development within the past few
years. The efficiencies of the current flagship applications,
perovskite-based solar cells (PSCs), are now at 25.2% and thus
on a par with those of classic silicon-based solar cells." This
development is accompanied by continuous improvements in
device stability, which seem to bring the commercialization of
PSCs within reach.””* While much of the current enthusiasm
for halide perovskites is also due to their ability for versatile
processing, e.g., from solution or by evaporation, these
processing routes are considerably more complex compared
to the corresponding processing approaches of, for example,
organic semiconductors. This is because the actual crystal-
lization of the target material, namely the perovskite and its
film formation, are inevitably coupled to each other. That is,
they always take place simultaneously and thus need to be
considered and optimized in parallel. This can be seen as one
of the reasons for the typically low reproducibility of the film
formation and large arbitrary scattering of device performance

v ACS Publications  © 2019 American Chemical Society
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even for the same lab,> which is a major obstacle to an
industrial uptake.

Both solution processing and co-evaporation typically suffer
from a rather limited control of the precursor stoichiometry
and, especially on a large scale, from relatively high variations
of the surface roughness and the height profile across the
module. Furthermore, in the case of co-evaporation, micro-
structure control is often limited, while for solution-based
processing, most of the suitable solvents are considerably toxic,
representing a significant safety concern for commercializa-
tion.

An alternative synthesis route that is decoupled from the
layer formation is the mechanochemical synthesis of halide
perovskite powders by simply grinding the reactants into
powder form. This can be done, e.g, using a high-energy ball
mill,”® and this procedure was successfully demonstrated for
various lead-containing”~'* and lead-free'*'* halide perovskite
compositions. Beneficial aspects of using perovskite powders
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Figure 1. (a) Photograph of a milling jar loaded with milling balls, MAI, and Pbl, precursor powders. (b) Schematic of the ball milling procedure
for the mechanochemical synthesis of perovskite powders. (c) Photograph of the milling jar from (a) after the ball milling process and successful

mechanochemical synthesis of black MAPbI; powder.
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Figure 2. (a) SEM images of mechanochemically synthesized MAPbI, powder at different magnifications, as indicated. (b) SEM images of MAPbI;
powders after 30 min (left), 60 min (center), and 90 min (right) of milling. (c) X-ray diffraction (XRD) patterns of MAPbI; powders after SO min
milling time using coarse MAI and after 30 min using fine MAI as shown by photographs. (d) XRD patterns after different milling times of MAPbI;

powders. Signals from crystalline Pbl, are indicated with stars.

were shown, including superior storage stability of powders
compared to their stock solution counterparts.'® Furthermore,
dry synthesis approaches for perovskite powders allow for an
extended range of possible reactants that can be used, as no
solubility issues exist.'® The high level of control of the
precursor stoichiometry translates to a high level of control in
the overall synthesis, which is also beneficial for improved
device properties, when dissolving the thus-prepared perov-
skite powders for solution-based thin-film processing.>'**""”
Also, efficient X-ray detectors were demonstrated by directly
processing solution-based perovskite powders to form a thick
layer without the use of solvents,'® further emphasizing the
versatile potential of halide perovskite powders.

Concerning the mechanochemical synthesis of perovskite
powders, the correlation of the reactant properties and
synthesis parameters with the structural and optoelectronic
properties of the final perovskite powders has, however, not yet
been addressed in detail. In this study, we investigate the
intrinsic stability of mechanochemically synthesized powders

and their resilience against external stress (e.g., light, oxygen,
humidity), which are crucial aspects for commercial deploy-
ment.

The paper is structured as follows. In Section 2.1, we
demonstrate the impact that milling time and the reactant
properties have on the perovskite powder. In Section 2.2, we
investigate the exceptional stability of these powders against
decomposition, and Section 2.3 shows that phase-pure
perovskite powders can be obtained by simple remilling in
the case of a prior incomplete conversion or in the case of
inadvertent degradation, Section 2.4 demonstrates that the
mechanochemical approach offers a high versatility in the
synthesis of more complex multinary mixed perovskites as well
as for passivation by the addition of potassium iodide (KI).
The electrical properties of the powders and thin-film solar
cells made from dissolved powder are explored in Section 2.5.
A summarizing and evaluating discussion is concluding the

paper.
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2. RESULTS AND DISCUSSION

2.1. Impact of Processing Parameters on Mechano-
chemically Synthesized Perovskite Powders. Figure 1
shows the basic principle of the ball milling process for
producing perovskite powders. The reactants, e.g, methyl-
ammonium iodide (MAI) and lead iodide (Pbl,) powders for
the synthesis of the model hybrid perovskite methylammonium
lead iodide (MAPbI;), are weighed to the desired stoichiom-
etry and transferred to a milling jar. The jar also contains
milling balls and a sufficient amount of cyclohexane, serving as
a milling agent but not taking part in the chemical reaction
(Figure la). Afterward, the jar is tightly closed and mounted
into the ball milling machine. In a planetary ball mill as used in
this study, the jar performs two movements: a rotation around
its own axis and a rotation around the center of the main disk,
on which additional jars can be mounted (Figure 1b).

The combination of these rotational movements leads to a
repeated detaching and subsequent tossing of the balls with
high energy to the opposing wall. There they collide with the
blended reactant-particles and other balls, providing the energy
for the reaction to the desired perovskite. In detail, the
mechanochemical synthesis of halide perovskites has been
explained by the fact that during the milling, MAI can be
plastically deformed, while Pbl, is brittle.'” The distortion of
MALI leads to the formation of voids and cracks in the MAI
particles,”® so that Pbl, particles are pushed into the MAI by
the milling balls, being beneficial for the mechanochemical
reaction.'” Additionally, the powders are continuously mixed
by the movement of the balls. This ensures a homogenous
distribution of all elements in the resulting perovskite. Since
cyclohexane has a high vapor pressure, it can be removed
within 15 min by evaporation at room temperature. As the last
preparation step, the powder is sieved with a 90 um sieve,
where the remaining particles are passed through the sieve
using a metal spatula, resulting in a fine, free-flowing powder.
For the powders that we produce in this study, typical amounts
were in the range of 25—30 g per batch.

Figure 2a shows scanning electron microscopy (SEM)
images of mechanochemically synthesized MAPbI; powder
with a milling time of 60 min at different magnifications. The
powder in general consists of porous 20—100 um sized
agglomerates of smaller particles. At higher magnification, it
becomes clear that the smaller particles are best characterized
as compact aggregates in the range of a few micrometer, which
in turn consist of small primary particles in the sub-micrometer
range.”’ To investigate the impact of the milling time on the
resulting powder properties, we produced three MAPDI;
powders differing in their milling time (30, 60, and 90 min).
From SEM images (Figure 2b), we can identify a decrease of
both aggregate and primary particle size with milling time,
where primary particles are well above 1 pm after 30 min of
milling, decreasing to below 1 pm after 60 min, and even
reducing to less than 300 nm after 90 min of milling.

In the case of MAPbI;, we found the minimum milling time
for a complete conversion of MAPDI; for our synthesis
conditions to be 15 min, as is confirmed by X-ray diffraction
(XRD) measurements (see Figure 2d). However, we could
identify a clear impact of the MAI precursor particle size on the
minimum milling time needed for a full perovskite conversion.
When coarse-grained MAI with particle sizes in the range of a
few mm was used, we find reflexes at 20 = 12.6, 25.2, 34.2, and
39.5° in the XRD pattern (Figure 2c top panel) after a milling
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time of 50 min, which are associated with residual Pbl,,
proofing an incomplete perovskite synthesis.

In contrast, the XRD pattern of the powder on the basis of
fine MAI with particle sizes of around SO um (Figure 2c
bottom) shows only the desired peaks associated with MAPbI,
already after 30 min of milling. We associate this behavior with
the increase of the reactive surface for the fine MAI, leading to
a decreased amount of energy that is needed for the initial
comminution of coarse-grained MAL

2.2. Thermal and Temporal Stability of Perovskite
Powders. A critical aspect for the development of perovskite
applications is the long-term stability of the perovskite
powders. In general, the aggregates and primary particles
made by the ball milling process appear compact, which is
known to be beneficial in terms of stability.”” >° To further
explore this aspect, we stored mechanochemically synthesized
MAPDI; powder for more than two and a half years in a
glovebox with a dry (dew point < —50 °C) and inert
atmosphere and measured XRD patterns at the beginning and
at the end of the storage time (Figure 3 top panel). Even
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Figure 3. XRD pattern of MAPbI; powders before and after more
than two and a half years of storage in a dry atmosphere (top panel),
and before and after a heat treatment for 10 and 14 h at 160 and 220
°C in air (bottom panel), with a zoomed region, where the (001)
peak of Pbl, is expected.

though all main processing steps were carried out in air, we
find absolutely no sign of any degradation products, such as
crystalline Pbl,, demonstrating the intrinsic long-term stability
of MAPbI; in powder form at room temperature. This is
consistent with a recent report that indicates higher stability of
halide perovskites in powder form compared to the
corresponding precursor solution.'® Besides, we also observed
an improved temporal stability of mechanochemically synthe-
sized formamidinium lead iodide (FAPbI;) powders, with a
clear deceleration of the typical transformation from its
perovskite @- phase toward its nonperovskite hexagonal &-
phase at ambient conditions (for a detailed discussion see the
Supporting Information (SI), Figure S1).

To also test their thermal stability, we stored phase-pure
MAPbL; powders (S0 min milling time) at 160 and 220 °C for
10 and 14 h, respectively. The treatments were conducted in
air with a relative humidity of at least 20% at room
temperature, corresponding to 0.12% at 160 °C and 0.03%
at 220 °C. Figure 3 bottom panel shows the corresponding
XRD patterns, where we find no Bragg peaks corresponding to
Pbl, for the heat treatment at 160 °C and a nearly negligible
intensity of the (001) Pbl, Bragg peak after the temperature
treatment at 220 °C for 14 h (see Figure S2 for details). This
behavior proves the exceptional thermal stability of MAPDI; in
powder form, especially when considering that typically a
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temperature of even less than 160 °C is well sufficient to
thermally decompose MAPbI, thin films within minutes.”®

Analysis of the XRD patterns of the MAPbI; powders with
different milling times using the Williamson—Hall method
(Figure S3) reveals that the microstrain in the powders is
nearly negligible (<0.01%). In the literature, macrostrain levels
in perovskite thin films were reported to be in the range from
0.2 to 0.6%>” and microstrains to be in the range of 0.1 to
0.2%.”° These recent studies also suggest that strain in
perovskite thin films is mainly responsible for defect-assisted
nonradiative recombination and accelerated degradation of the
thin films.””*® We thus conclude that the nearly negligible
strain we find in the perovskite powders ensures their relatively
high stability.

2.3. Regeneration of Nonphase-Pure Powders. A
further important aspect of technological purposes is the
issue of whether nonphase-pure powders can be purified easily.
After the heat treatment of MAPbI; powder at 220 °C, we
observed a small degree of thermal degradation, evident from a
visible (001) Pbl, Bragg peak at 20 = 12.6°. However, simply
adding a 20 mol % of MAI precursor powder to the degraded
MAPDI; and remilling this mixture for 50 min lead to the
complete recovery of the MAPbI; powder, as indicated by the
disappearance of the Pbl, signatures in the corresponding XRD
pattern (Figure 4a). We further exploited this possibility of
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Figure 4. (a) XRD patterns of thermally degraded MAPbI; powder
from Figure 3a (red), and after a milling step, where 20 mol % MAI
was added (blue). (b) XRD pattern of MAPbI; powder using coarse
MAI as a precursor after SO min of milling (red, from Figure 2c) and
after an additional 30 min of milling (blue). (c) XRD pattern of
mechanochemically synthesized MAPbBr; powder after the first (S0
min) and second milling step (30 min). Signals from crystalline PbBr,
or Pbl, are indicated with stars. (d) XRD pattern of MAPbIL; powder
synthesized at a high relative humidity of 80% before and after heat
treatment at 120 °C for 30 min.

reprocessing perovskite powders to improve their properties.
To this end, we remilled the not yet fully converted MAPbI;
powder where coarse MAI was used (vide supra) for additional
30 min, which lead to the disappearance of any Pbl, signal in
the XRD pattern (Figure 4b). The same applies to the
mechanochemical synthesis of methylammonium lead bromide
(MAPDBr;) powder (Figure 4c), where after the first milling
step of 50 min, we find reflexes in the corresponding XRD
patterns that are associated with unreacted lead bromide
(PbBr,). When milling this powder for 30 min in a second

milling step, all traces of PbBr, are eliminated, indicating a
complete conversion of the perovskite.

If the powders are mechanochemically synthesized at a high
relative humidity (th = 80%), we could observe several
additional reflexes in the corresponding XRD pattern in the
case of MAPbI; (Figure 4d), which are typically associated
with the formation of hydrates.”” By simple mild heating at 120
°C for about 30 min, it is possible to ensure a complete phase
purity of the perovskite, ie, all additional reflexes have
disappeared as evident by XRD.

Overall, our findings demonstrate that ball milling of halide
perovskites offers a versatile and easy strategy to recover halide
perovskite powders, which can also be beneficial for the
development of improved recycling procedures of perovskite-
based optoelectronic devices in the future.

2.4. Versatility in the Synthesis of Mixed Perovskites,
Including Additives. We also addressed the mechanochem-
ical synthesis of the state-of-the-art multi-cation mixed halide
perovskite®”®' to achieve optimized stability and charge
transport properties. As the first step, we produced systems
whereby only cations (FA,sMA,Pbl;) or halides (MAPb-
Br,I,) were mixed. The successful synthesis of these different
compounds could be confirmed by XRD and their optical
properties, demonstrating that the chosen ranges of the milling
parameters are also suitable for producing mixed perovskites
(see Figure S4 and Table SI in the SI).

We next explored the possibility to synthesize more
complicated material compositions via the ball milling
technique. Figure Sa shows the XRD patterns of (FAP-
bI3)oss(MAPbBr3)g;5 and (CsgosFAgosPbI3)oss(MAPBBr3)g 1
powders, where no signatures of residual phases can be
observed after SO min of milling. Similar to the case of MAPbI;
powders (Figure 2a), we could not observe any sign of
degradation on the basis of XRD characterization of the more
complex powders after six months of storage under a
continuous flow of dry nitrogen inside a desiccator containing
a drying agent (Figure SS). For their synthesis, we used the
individual precursors, i.e., powders of formamidinium iodide
(FAI), Pbl, methylammonium bromide (MABr), PbBr,, or
cesium iodide (CsI) in the appropriate stoichiometric ratios. In
the case of (FAPbI;)gss(MAPDbBr;),s, we also explored the
possibility to simplify the weighing procedure of the reactants
by considering the readily prepared mechanochemically
synthesized powders of ternary FAPbI; and MAPbBr; and
use them as starting materials for the mechanochemical
synthesis of the mixed perovskite. By doing so, we achieve
fully synthesized (FAPbL;),ss(MAPbBr;), ;s already after a
milling time of 30 min, even independent of whether the
FAPDI; used was in its perovskite a-phase or in its degraded,
nonperovskite d-phase, which well emphasizes the versatility of
the ball milling approach (Figure Sa).

The elimination of nonradiative recombination pathways by
passivation of traps is a known aspect in inorganic semi-
conductors,”>*® and is currently becoming a promisin,
research focus also in the field of halide perovskites.>*™>
Recently, it was demonstrated that (CsgosFAgosPbls)g1s-
(MAPbBr;)o g5 can be passivated by adding potassium iodide
(KI) to the precursor solution, improving the optoelectronic
properties of the perovskite layer and thus device efficiency.’”
To explore this possibility in the context of ball milling and
perovskite powders, we used (FAPbI;),¢s(MAPbBr;),,5 and
(Csg,0sFAg9sPbly) o 5s(MAPDBr;), 5, added 5 or 10 mol % solid
KI, respectively, and remilled these powders for 50 min.

DOI: 10.1021/acsami.9b09160
ACS Appl. Mater. Interfaces 2019, 11, 30259—-30268

133



ACS Applied Materials & Interfaces

Research Article

(a) (b) (FAPDI ) 55(MAPBBI ), 55t ~-noKl —withK
(Cs0.05FA0 55Pb1)ggs(MAPBBN )50 == noKI —withKI
(FAPbI,), w(MAPEBr,Jo s from:  — indvidual 100 — T
> 10 &FAPDI, = 75
2 . <
2 o5l [ afAPbl, | T 5o
% 1 O [ 25
5 0.0 et g -t
° ] 5
£ 1 o CoosPRosPblloss(MAPDBI), 5 1
5 101 1 £ 10}
©
£ os| l l ] < s
S =
00 T T W I s 0 oy s s a—r
10 15 20 25 30 35 40 45 13 14 15 16 17 18 19 20
20f° Energy [ eV

Figure 5. (a) XRD pattern of mechanochemically synthesized (FAPbI,), ss(MAPbBr;), ;5 and (CsgosFAgesPbls)oss(MAPbBr;), 5. (b) Reflectance
and photoluminescence (PL) spectra of the pure and KI passivated compounds. (c) SEM image and Pb, Br, and K mapping obtained via energy-
dispersive X-ray spectroscopy (EDX) of passivated (CsggsFAqosPbls)gss(MAPDBr3) s

Figure Sb shows reflectance and photoluminescence (PL)
spectra before and after the passivation of the powders. The
passivated powders show an increased PL intensity compared
to the nonpassivated ones. This behavior was reported as an
unambiguous signature of successful passivation, where
nonradiative recombination is reduced, resulting in an
increased photoluminescence quantum efficiency.”>*>**~*
Complementarily, the reflectance measurements show that
the band-gap of the passivated powders is slightly shifted to the
red with respect to their nonpassivated counterparts. This has
been reported as a consequence of the passivation of this
compound with KI since the I/Br ratio of the perovskite is
slightly increased.””

To probe whether the passivation of the perovskite powders
occurred homogeneously, energy-dispersive X-ray spectrosco-
py (EDX) was performed. This technique allows us to detect
the spatial distribution of individual elements such as lead,
bromine, and potassium. Exemplary spectra are shown in
Figure Sc for passivated (CsysFAgosPbl;)gss(MAPbBr;), ;s
powder that was pressed as a pellet (also see Figure S6).

The mapping of the elements shows that potassium is in
general evenly distributed over the sample, except for some
small areas. There, the EDX signal from potassium and
bromine characteristic peaks is more intense, indicating a local
enrichment of both elements, which is in accordance with the
literature."" The passivation using KI was suggested to
introduce excess iodide into the system, compensating halide
vacancies and also attracting and immobilizing additional
halide species at grain boundaries and surfaces, facilitating the
overall electrical properties of the layer.””

2.5. Electrical Characterization of Test Devices. An
appealing aspect of halide perovskites in powder form is that
they allow separating their synthesis from the actual film
formation process. This makes it possible to optimize the
synthesis and the film formation independently of each other.
For a proof of principle on the electro-optic suitability of these
powders, we used various dry powders and pressed them into
the shape of cylindrical pellets with 0.5 mm thickness, using a
custom-built press setup (see the SI for details), and measured
their photoresponse. Figure 6 shows the baseline-corrected
photoresponse of six perovskite pellets with different
stoichiometries when a bias voltage of 1 V and a low pressure
of 2 MPa are applied. A clear photoresponse for all powders
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Figure 6. Dark current-corrected temporal photoresponse of different
perovskite pellets pressed from their powders upon laser excitation
with 405 nm. The top panel shows MAPbI;, MAPbBr; and
MAPbL,Br;, the bottom panel shows multivalent mixed lead halide
perovskites. The inset shows a pellet of MAPbBr; after the
measurement.

can be observed, demonstrating their potential to function as
active materials in perovskite-based optoelectronic devices that
are processed in a solvent-free manner. A detailed discussion
about the electrical characterization can be found in the SI
(Figure S7).

However, when it comes to the fabrication of full
optoelectronic devices based on perovskite powders, their
facile employment in precursors for solution-based thin-film
processing of the active layer represents the state-of-the-art.>'>
We probe the particular use of such a powder-based precursor
for the most ubiquitous device architecture of a halide
perovskite solar cell. To pursue this goal, we produced
perovskite thin films on top of the SnO,:F/compact TiO,/
mesoporous TiO, (FTO/c-TiO,/mp-TiO,) substrates from a
1 M solution of the (Csgo5FAgosPbl;)gss(MAPbBry). s
powder in dimethyl sulfoxide/dimethylformamide (DMSO/
DMF, 4:1 ratio). The thin films were deposited by spin-
coating, following an established protocol as described in our
previous work.*> Therein, the thin c-TiO, layer acts as a hole
blocking layer and the mp-TiO, layer as an electron transport
layer and scaffold for the perovskite film formation. Our
perovskite thin films derived in this way from the powder
precursor solution showed good uniformity and homogeneity
as evidenced by XRD and SEM (Figure S8a,b). The optical
properties (PL and UV-Vis absorption) are comparable to the
plain powder (Figure S8c,d).
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Figure 7. (a) Cross-sectional SEM image of the completed perovskite powder-based solar cell stack with the perovskite thin-film spin-coated of a 1
mol solution of (CsggsFAg9sPbls)g.ss(MAPbBr;), s powder in DMSO/DMEF on top of a mp-TiO,/c-TiO,/FTO substrate. (b) J—V characteristic
of powder-based (with and without KI) and reference perovskite solar cell in forward (full line) and reverse scan direction (dashed line).

Table 1. Average PSC Device Characteristics for (CsgosFAgosPbl;)oss(MAPbBr;), s Derived from J—V Curves (Figure 7b)

with Values for the Champion Device in Brackets”

sample (champion device) Joc (mA/cm?)
powder without KI/reverse 16.8 (17.62)
powder without KI/forward 16.7 (17.30)
powder with KI/reverse 16.5 (16.45)
powder with KI/forward 16.7 (16.35)
reference/reverse 19.5 (19.70)
reference/forward 19.4 (19.70)

Voc (V) FF (%) PCE (%)
1.000 (0.994) 74 (77) 12.4 (13.5)
0.970 (0.985) 57 (71) 9.4 (12.1)
1.038 (1.056) 70 (71) 12.1 (12.3)
1.050 (1.036) 67 (71) 11.9 (12.0)
1.095 (1.110) 70 (71) 14.8 (15.2)
1.090 (1.104) 73 (75) 154 (16.2)

“Detailed statistical data are included in the Supporting Information (Figures S9 and S10).

We then deposited a hole transport layer comprised of
doped 2,2',7,7’-tetrakis[ N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD) on top of the perovskite
film and completed the layer stack by evaporating a gold
electrode on top. SEM cross-sectional views of the full
photovoltaic device (see Figure 7a) reveal conformal layer
growth and a perovskite film thickness of about 350 nm, only
marginally thinner than our standard device architecture for
solar cells comprising a perovskite layer prepared from a
solution of the individual salts (Pbl,, PbBr,, FAI, MAI, and
Csl).

In the following, we refer to the device produced from the
perovskite powder-based solution as “powder” and the device
produced from a solution of the individual salts in our standard
process as the “reference”. We note that the perovskite
precursor solution for the reference device had been further
optimized by a 10% excess of Pbl,, which led to higher
efficiencies, less hysteresis, and longer solar cell lifetimes
compared to the corresponding cell from a precursor solution
without excess Pbl,, whereas the powder precursor solution
has not been further optimized for this device application.

The J—V curves of the devices are depicted in Figure 7b and
the characteristic solar cell performance parameters sampled
over 6 devices for the powder cells and sampled over 3 devices
for the reference cells are summarized in Table 1. The powder
devices achieved an average power conversion efficiency of
12.4% (9.4% in forward scan direction), with a PCE of 13.5%
(12.1% in forward scan direction) for the champion device
(13% stabilized after 90 s at the maximum power point). This
value is close to the average PCE of a side-by-side fabricated
reference device, which amounts to 14.8% (15.4% in forward
scan direction) on average and 16.2% for the champion device,
respectively.

Notably, the higher PCE of the reference device can be
reasoned by the prior optimization of the precursor
formulation by excess Pbl,, also leading to a minimal hysteresis
effect. While we succeeded in producing stabilized devices
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from the perovskite powder solution, these powder devices
tend to exhibit a slightly larger hysteresis compared to the
reference devices. This manifests in a reduction of the fill factor
in the forward scan direction. This effect, together with a lower
open-circuit voltage (V,.), in the powder devices, points to
nonideal interfaces between the perovskite absorber layer and
the charge transg)ort layers that leads to increased interface
recombination.*”** The perovskite film morphology as
characterized by SEM looks comparable between films derived
from the perovskite powder precursor and the reference
perovskite films (Figure S8b). XRD measurements reveal a
higher concentration of Pbl, in the reference films compared
to the powder films (Figure S8a). We note that unreacted Pbl,
likely plays a critical role in the higher PCE of the reference
devices compared to the powder devices, as Pbl, has been
reported to 6provide a passivation layer at the device
interfaces.**™*® In addition, we verified that the onset of
optical absorption is similar for the reference films and the
powder films with and without KI (Figure S8c), while the PL
of the thin films matches to the PL of the powders (Figure
S8d).

Furthermore, the lower short-circuit current (J,.) in the
powder device compared to the reference device stems from a
nonideal thickness of the absorber layer, which amounts to 350
nm for the powder device and 400 nm for the reference device
(Figure S11). The measured J,. has been compared to the
integrated current density in external quantum efficiency
measurements (Figure S9). Here, we observe a larger
mismatch between the currents for the powder devices than
for the reference device, which could again be attributed to the
lack of excess Pbl, in the powder films leading to an increase in
ion migration and hence differences in the static and dynamic
measurements.

We further investigated whether the passivation of the
powder by adding KI to the powder precursors for the
mechanochemical synthesis would translate to the correspond-
ing devices. We compare devices produced from the KI
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containing triple-cation perovskite powder, shown in Figure 7
and Table 1, to those from the powder without KI and find a
systematic increase in V,. by about S0 mV, indicating
passivation of interface defect states. Most remarkably, we
achieve a significant reduction of the hysteresis in the devices
with KI compared to devices without KI using absorber films
from the powder-based solution, which is particularly reflected
in the fill factor and in a reduced sensitivity of the device
parameters on the scan rate. Again, this behavior is indicative
of an improved interface between perovskite and charge
transport layers, leading to less recombination and better
charge carrier extraction.**

3. SUMMARY AND CONCLUSIONS

In summary, we investigated the mechanochemical synthesis of
halide perovskite powders at ambient conditions, identifying
the impact of milling time and the influence of the reactant
properties on the perovskite powder. We find the mechano-
chemically synthesized powders to exhibit exceptional stability
without any sign of degradation after more than two and a half
years of storage, consistent with their intrinsic stability at room
temperature, which we correlate to the absence of strain in the
powder grains. Their exceptional thermal stability manifests in
a nearly negligible amount of Pbl, formed after heat treatment
of MAPbI; powder at 220 °C for 14 h. In the future, it will be
an interesting aspect to expand the investigations on the
correlation between the lack of strain and improved stability of
perovskite powders also to other synthesis approaches such as
ultrasonic or precipitation methods. We further demonstrated
that we can easily regenerate the perovskites powders in the
case of a prior incomplete conversion or in the case of
degradation by simple remilling. Similarly, hydrated powders,
which form when synthesis is performed at high humidity, can
be completely turned to phase-pure powder by soft heat
treatment at 120 °C for 30 min. Following the mechanochem-
ical approach, we successfully synthesized phase-pure multi-
nary mixed perovskites including (FAPbI;),gs(MAPbBr3), ;5
and (CsgosFAgsPbls)oss(MAPDBr;) 5, which represent the
state-of-the-art compounds used in highly efficient PSCs. For
these multinary compounds, we find their successful synthesis
to be independent of whether the individual classic precursors
(i.e, MABr, FAI Csl, Pbl,, and PbBr,) or readily prepared
perovskite powders of MAPbBr; and FAPbI; are used as
starting materials. In the latter case, we find that even when
using FAPbI; in its degraded nonperovskite -phase, a full
synthesis of (FAPbI;),ss(MAPDbBr;), s remains guaranteed,
further proofing the high flexibility of the mechanochemical
approach. We also find that these perovskite powders can
successfully be passivated by the simple addition of KI in the
ball milling process. To assess the functionality in optoelec-
tronic applications, we prepared pellets from the dry powders
and demonstrate that all powders show a photoresponse, i.e., a
measurable photocurrent. Finally, we dissolved perovskite
powder and achieved highly uniform thin films by spin-coating.
Thin films from the triple-cation perovskite powder were
employed to make solar cells in the conventional PSC device
geometry, obtaining reliable device characteristics and decent
efficiencies on the order of 13% power conversion efficiency
(PCE). Even without further optimization, powders with KI
additive led to improved device performance and significantly
reduced hysteresis compared to powder without KI additive
and reference devices from our baseline fabrication process.
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Overall, our work demonstrates that the mechanochemical
synthesis is well suited to produce a wide variety of highly
stable lead halide perovskite powders that meet the demands
for solar cell applications. Ball milling is well known to be
suitable for the fabrication of larger quantities. The fact that
this approach allows for separate optimization of synthesis and
film formation together with the high storage stability and the
option to regenerate phase purity by simple remilling is likely
to pave the way for their utilization, especially in an industrially
relevant context.

4. EXPERIMENTAL SECTION

4.1. Powder Preparation. For ball milling, the reactants (FAI
MAL Pbl,, and PbBr,) were weighed to the desired stoichiometry
(see the SI for exact amounts) and transferred into an 80 mL ZrO,
milling jar containing ZrO, milling balls with a 10 mm diameter (ball
to powder ratio 10:1). Then, 11 mL cyclohexane was added as a
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.

4.2. Powder Characterization. 4.2.7. XRD. The structural and
phase characterization of the perovskite powders was carried out by
reflection mode XRD using a Bruker “D8 Discover A25” with Cu K
radiation (4 = 0.15406 nm), whereby the K,j-rays are removed by a
Ge-K,-monochromator. The device is operated at 40 kV and 40 mA.
The diffractograms were recorded in the 26 range from 10 to 45° with
a 20 step size of 0.016°.

4.2.2. SEM. The powder morphology was characterized by SEM
using a Zeiss Leo 1530 instrument with an accelerating voltage of 3.0
kV. SEM micrographs of perovskite thin films spin-coated from the
powder-based solution and the cross-sections of the completed
devices were determined on a Zeiss Merlin VP compact microscope
using an acceleration voltage of 15 kV.

4.2.3. Optical Characterization. To measure Photoluminescence
spectra, we used a home-built setup. The sample was excited using a
337 nm nitrogen laser (LTB MNL 100). The emitted light was
focused into a spectrograph (Andor Shamrock 303i) and detected by
a charge-coupled device (CCD) camera (Andor iDus DU420a-OE).
The recorded data were corrected by the transmission/reflection of
optical components and the efficiency of the CCD camera.
Reflectance measurements were carried out using a commercial
UV/VIS-spectrometer (Varian Cary 5000) with an attached
integrating sphere for reflectance measurements (External DRA
2500).

4.3. Device Fabrication. Fluorine-doped tin oxide (FTO)-
covered glass substrates (Solems) were cleaned by etching with Zn
powder and HCI (4M). The substrates were sonicated for 1 h in an
RBS detergent solution (2 vol %), rinsed with deionized water and
ethanol, ultrasonicated in ethanol, and dried and annealed to 500 °C.
Subsequently, a TiO, hole blocking layer was prepared by spray
pyrolysis deposition at 450 °C from a precursor solution made of 0.6
mL of titanium diisopropoxide bis(acetylacetonate) (75% in 2-
propanol, Sigma Aldrich), 0.4 mL of acetylacetone (Sigma Aldrich) in
9 mL of ethanol as a solvent and O, as carrier gas. The mesoporous
TiO, (mp-TiO,) layer was prepared by spin-coating a solution of
TiO, paste (30NR-D from Dyesol) in ethanol (1:7 weight ratio) at
4000 rpm for 30 s. The films were then sintered in a sequential
heating process (5 min at 125 °C, § min at 325 °C, 5 min at 375 °C,
1S min at 450 °C, and 30 min at 500 °C). The samples were finally
transferred into a nitrogen-filled glovebox for the perovskite film
processing. Either the reference or powder precursor solution was
spin-coated onto the mesoporous TiO, layers and, a few seconds later,
washed by dripping 0.5 mL of anhydrous diethyl ether to induce the
intermediate adduct formation of the films, as reported previously.*’
For the subsequent hole transport layer deposition, 110 mg of spiro-
OMeTAD (2,2',7,7’-tetrakis[ N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene) (spiro-OMeTAD) from Merck was dissolved in 1
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mL of chlorobenzene along with tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyrydine) cobalt(III) bis(trifluoromethylsulfonyl)imide
(FK209, Dyesol), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI,
Sigma Aldrich), and 4-tert-butylpyridine (t-BP, Sigma Aldrich 96% of
purity) as additives in relative molar concentrations of 5%, 50%, and
330%, respectively, with respect to spiro-OMeTAD. Then, 35 uL of
this solution was deposited by spin-coating (3000 rpm for 20 s) on
top of the perovskite absorber layer. Finally, 100 nm of gold was
thermally evaporated under vacuum as the solar cell top contact.

4.4. Perovskite Film Preparation. In the case of reference
devices, the perovskite films were prepared from a (MAy,FA,g;)Pb-
(Bry1-1y83); solution made of 1.10 M PbI, (TCI Chemicals), 0.20 M
PbBr, (Alfa Aesar), 1.00 M formamidinium iodide (FAI Dyesol), and
0.20 M methylammonium bromide (MABr, Dyesol) in a solvent
mixture of DMSO/DMF (4:1 in v/v). The stoichiometry of the
optimized films was further altered by adding 10% of Pbl, and 5% CsI
to the solution. After vigorous stirring, the precursor solution was
deposited by spin-coating (first at 2000 rpm to deposit the precursor
solution in the dynamic mode and then at 6000 rpm while 100 L of
chlorobenzene is applied as the antisolvent). Then, the samples were
annealed at 100 °C for 30 min. In the case of the layer obtained from
the powder, a 1 M precursor solution was prepared by dissolving the
correct amount of perovskite powder in the solvent mixture of
DMSO/DMF (4:1 in v/v). After stirring, the solution is centrifuged
and then filtered to extract particles that can eventually remain due to
incomplete dissolution. The deposition process is the same as
previously described for the reference cell.

4.4.1. X-ray Diffractometry. The structural properties of thin-film
absorbers were characterized by X-ray diffraction measurements in the
classical Bragg—Brentano 6—26 configuration (programmable slit to
fix the irradiated area, 0.04° soller slits). The PANalytical Empyrean
X-ray diffractometer was operated at 40 kV (40 mA), with Cu K,
(0.15406 nm) radiation, including a Cu—Ni filter to suppress the K
line.

4.4.2. J-V Characterization. The photovoltaic properties of the
solar cells were measured under a light source with an AMI1.5G
spectrum and a calibrated intensity of 1 Sun (100 mW/cm?). A Bio-
Logic potentiostat is used to record J—V curves applying a precise
scan rate. The voltage sweeping rate was fixed to 20 mV/s in reverse
and forward J—V scan directions. For steady-state output perform-
ance, PCE was plotted as a function of time at maximum power point
voltage (Viypp) conditions under continuous illumination using the
same light source employed for ]—V measurements. The perovskite-
based cells present an active area of 0.16 cm? but the illuminated
surface is limited to 0.09 cm” with a black metal laser-cut mask during
the performance measurements.
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1. Stability of mechanochemically synthesized powders
1.1. Temporal stability of FAPbI;

Figure Sla shows photographs of FAPblz powder at different times after their
mechanochemical synthesis. The dark yellow / brownish color indicates a coexistence of a
certain fraction of powder which is in its black a-phase and a fraction which is in its yellow 6-
phase directly after the synthesis.> After two weeks of storage the appearance of the powder
remains and only after 17 days it becomes more yellow. The degraded yellow powders could
be transformed to their a-phase by simple heat treatment at 120°C for 5 hours, indicated by
their purely black appearance, which remained unchanged after a week of storage in a dry
atmosphere (Figure S1b). In literature the degradation is reported to typically happen on
timescales of minutes to hours in the case of thin films and single crystals,3* which is

significantly shorter compared to the observed timescales in our case.

(a) (b) storagetime (days)
storage time (days) after synthesis after heat treatment
in dry atmosphere @ 120°Cfor 5 hours

»
»

2 7 0 7

Figure S1. (a) Photographs of FAPbls powder at different times as indicated after the
mechanochemical syntheses. (b) FAPbl; powder directly after heat treatment at 120°C for 5
hours (left) and after 1 week (right) where no change in color is visible.
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1.2. Thermal stability of MAPblI;

To also explore the thermal stability of the synthesized powders, MAPbl; powder was heat
treated in an oven for two days at 120 °C. As we could not see any trace of yellow Pbl, by eye
after this treatment, we repeated this for two and a half days at 80 °C. We chose a lower
temperature to increase the probability of water adsorption. Before this heat treatment, the
powder was stored in a glovebox for seven months. Figure S2 shows the XRD of the powder
before (after storage, top) and after (bottom) the heat treatment. As there is no sign of Pbl,
in the XRD spectra, we conclude that the synthesized MAPbIs powder is at least on this time

scale stable under these conditions.

—
As synthesized -

L “ | |

I - MR 1 —

L After 48 hat120°Cand 52 h at 80°C |

| S — ,|_| ) ;Ja | l.'lll.l f — r|" l _
15 20 25 30 35 40 45
20/

=
(=]
T

b
tn
T

= o
==
. —

b
tn
T

Normalized Intensity

o
o
-

=
o

Figure S2. XRD patterns of MAPbl; powder before (top) and after (bottom) different heat
treatment at 120 °C for 48 hours and 80°C for 52 hours.

2. Williamson Hall analysis on MAPbI3 powders

From the MAPbI; powder XRD-patterns with milling times of 30, 60 and 90 min the full width
at half maximum (FWHM) from each reflex is extracted. Together with the corresponding
reflex position they are used to generate a Williamson Hall plot,> which is shown in Figure S3.
Here it is assumed that reflex broadening is caused by a combination of crystallite size, micro-
strain and instrumental resolution of the machine. The broadening caused by small crystallites

can be described by the Scherrer equation:

KA

Bsize(zg) = L cos(6)

(1)

Here Bsi.e(20) is the contribution of the crystallite size to the FWHM of the reflex at position
26, K is the Scherrer constant, which is often assumed as 0.94 for spherical crystallites, A is the

wavelength of the x-rays and L is the crystallite size.
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The contribution of micro-strain € is described by
Bstrain(26) = 4 € tan(6) (2)

This results in a total reflex broadening of

KA
Biotal = Bsize + Bstrain = rs(e) + 4 ¢ tan(0) (3)

By multiplying the equation (3) by cos(6) the equation for the Williamson-Hall-plot is obtained:
. K2
Biotal c0s(0) = 4 esin(0) + - (4)

Therefore, plotting B - cos(B) versus sin(B) leads to a straight line and the crystallite size can
be calculated from the intercept with the B - cos(B)-axis and the strain with the aid of the
slope. For the three powders shown in Figure S3 a crystallite size of around 150 nm and
microstrain < 0.01 % is obtained. These values are influenced by the instrumental resolution,
so we assume the calculated crystallite sizes to be afflicted with a relatively large error.

Nonetheless, the calculated strain values indicate the maximum of strain.
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Figure S3. Williamson Hall plot of MAPblz-powders with milling times of 30, 60 und 90 min.
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3. Synthesis of mixed halide or mixed cation perovskite powders

Besides the standard compositions, as preliminary work for the synthesis of mixed halide
mixed cation perovskites, as described in the main text, we also synthesized mixed halide or
mixed cation perovskites. Figure S4 shows the XRD as well as the reflectance and PL spectra
of MAPbI;Br; as mixed halide and FAqsMAo sPbls as mixed cation perovskites.

Note that the XRD for FAosMAg sPbls was taken 4 months after the syntheses, where still no
signal from educt phases could be observed, which, similar to the case of MAPbI3 (Figure 3 in
the main text) also demonstrates its good time stability.

An overview of synthesized powders together with their band gap E; and their PL peak
position PLmax is given in Table S1. These values agree overall well with those reported in
literature. For the estimation of the band gap, we calculated the Kubelka-Munk function F(R)
= (1-R)?/2R from reflectance data and used a Tauc-Plot to extract the band gap energies.
Although neglecting excitonic contributions to the absorption / reflectance, this approach has

commonly been applied to hybrid perovskites.t=®
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Figure S4. (a) Normalized XRD pattern of the mixed halide perovskite MAPbI;Br; (top panel)
and the mixed cation perovskite FAosMAosPbls (bottom). (b) Reflectance (black) and
photoluminescence (red) spectra of MAPbI;Br; (top) and FAosMAosPbls (bottom).
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Table S1. Comparison of PL peak positions and band gaps of powders synthesized within this

work and values found in literature (mainly for thin films). The corresponding references are

given in superscripts.

Composition PLmax,exp/ €V PLmax, it/ €V | Eg exp / €V Eg it / eV
MAPbBr3 2.24 2310 2.24 23041
MAPbI; 1.56 1.604 12 1.55 1.56-1.6 1113
MAPDI;Br; 1.69 1.75-1.79 10 1.70 1.72 11
FAo.sMAo.sPbl; 1.51 - 1.49 1.55-1.57 1214
(FAPbI3)o.s5(MAPbBr3)o.15 1.57 1.580 13 1.56 1.56-1.60 15
(CsFAPbI3)o.ss(MAPbBr3)o1s | 1.57 1.6215 1.56 1.59 15
K(FAPbIs)o.ss(MAPbBrs)o1s | 1.56 - 1.56 -
K(CsFAPbIs)o.ss(MAPbBrs3)o.15 | 1.55 1.55 % 1.55 1.561°

4. Time stability and complete synthesis of triple cation mixtures
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Figure S5. Normalized XRD pattern of triple cation perovskite powder directly after the

synthesis (June 2018) and after 6 months of storage in dry atmosphere.
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5. Additional EDX Maps
EDX mapping on a pressed pellet sample was performed. Figure S6 shows a homogenous
distribution for Cs, |, C, N, and Pb. Solely in the mappings of Br and K some brighter spots can

be found as discussed in the main text.

\ .- L
" ) o s {
7 -

Figure S6. SEM-image and Cs, I, C, Br, K, N and Pb mapping obtained via EDX of
(Cso0.0sFA0.95Pbl3)0.85(MAPbBr3)o.15 passivated with 10 mol% K.
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6. Photoresponse of the Pellets

Figure S7 shows the time evolution of current obtained from the electrical measurements
for two exemplary samples. While maintaining a constant voltage of 1V the resulting current
changes with time, i.e. after a strong initial decrease within the first 300 s the current slowly
increases again. The measurement is conducted in the dark and after about 3600 s a laser
diode (Thorlabs) is repeatedly switched on and off for 2 min each to record the photoresponse.
For evaluation of the photoresponse, the baseline is fitted by a polynomial function and

subtracted.
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Figure S7. Time dependent behavior of the electrical current as measured shown exemplarily
for two hybrid perovskite powders (MAPbBr; and MAPbI,Br1).

The approach that we follow in the main text to directly press the dry powders and
characterize their electrical response, differs from the common strategy to dissolve the
powders and re-crystalize them in the course of a conventional solution processing to
characterize their electrical properties.622

In Figure 6 in the main text, we find the electrical dark conductivity of the MAPbIs-powder
tobeintherange of 1:10% S cm™, in agreement with literature,?>2* while the measured values
for MAPbBr; (4-10°Scm™) and FAosMAosPblz (3-10°S cm™) are one or two orders of
magnitude lower compared to corresponding literature values respectively.?42> We speculate
that the deviations are associated with the differences in the processing approaches and
possible slight deviations of stoichiometry in the case of FAqsMAosPbls. We also observe drifts
of dark currents on a minutes timescale for all investigated samples, which is consistent with
reports on comparable thick perovskite layers, and ascribed to ion motion in the layers.?? In
passing we mention that due to the short penetration depth of the illuminating laser
(<50 nm), only a small part of the pellet is excited, explaining the relatively small absolute

change in current upon illumination.
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In general, all samples show a photoresponse dynamic in the second range and also slow
dynamics in the minutes time scale upon laser excitation. We observe different characteristics
of the photoresponse for the various samples investigated that can be differentiated into two
classes. For MAPbI; and FAosMAq 5Pbls, when switching on the illumination we observe a fast
rise of the current that is followed by a linear increase and upon switching off the laser, the
current shows a fast decay, followed by a slow decrease. Often, this behavior is seen in the
literature, too 223> and the rise of the current on the minutes timescale upon excitation is
associated with filling of trap states, leading to a better conductivity.3%3>

In contrast to this for MAPbBr3, MAPbI>Br;, (FAPbIs)oss(MAPbBrs)o1s and
(Cs0.05FA0.95Pbl3)0.55(MAPbBr3)o.15s we observe an instantaneous increase of the photocurrent
upon illumination, which then decreases on a minutes time range. When illumination is
switched off, the current initially overshoots into negative currents and then slowly
approaches zero again. In the literature this decaying behavior is also reported,?®3¢-3° while to
the best of our knowledge no overshooting dynamics into negative currents have been
reported yet.

Repeatedly, the rise and decay characteristics of the photoresponse in hybrid perovskites
are explained by ion migration and their accumulation at interfaces, which alters the ion
movement upon illumination, changes the interface energies and charge extraction speeds
and alters the trap density.*>*! It is also known that the type of charge extraction layer®?
together with the corresponding interfaces and band structures,3%3>43 the level and direction
of the bias voltage,3%38-%0 the excitation wavelength and intensity,26:3336:38 the environment,*°
and also the history of devices can influence the photoresponse characteristics, which makes
a careful interpretation of this behavior difficult and is beyond the scope of this work.
However, it seems that the rise- and decay-times become slower for higher layer
thicknesses,3**2 which is in accordance with our results when reconsidering a typical thickness
of 0.5 mm for the pellets investigated. However, a future systematic study which addresses
all these issues in detail would be necessary and highly desirable to shine light on the complex

photoresponse dynamics of hybrid perovskites.
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7. Characterization of perovskite thin films processed from powder-based solution
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Figure S8. (a) X-ray diffraction pattern of a perovskite thin film from spin-coating of a 1 mol
solution of (Cso.0sFA0.95Pbl3)o.ss(MAPbBr3)o.1s powder in DMSO:DMF on top of a mp-TiOz/c-
TiO2/FTO substrate (red) and corresponding pattern from a reference device (black). Crosses
indicate Bragg peaks from the perovskite, while diamonds mark peaks from the FTO substrate.
The peak indicated by a circle originates from excess Pbl, and is only apparent in the reference
film. (b) Corresponding SEM images of perovskite thin-films derived from the powder
precursor (top row) and of reference perovskite thin-films (bottom row). (c) UV-Vis absorption
spectra and (d) photoluminescence spectra of thin-films derived from the perovskite powder
without K| additive (red curve), with Kl additive (blue curve) and thin-films from the reference
solution process.
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Device statistics and EQE measurements
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Figure S9. Device statistics of perovskite solar cells with absorber layers from the powder-
based (green) and reference (blue) precursor solution. Mean values are represented as stars
and whiskers represent the maximum-minimum interval. (a) Power conversion efficiency, (b)
open circuit voltage, (c) fill factor), and (d) short circuit current have been extracted from the
j-V characteristics of the completed cells. (e) The integrated current from external quantum
efficiency measurements (depicted here for the device presented in the main text in Figure 7)
matches the reported short circuit current. We refer to the device produced from the
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perovskite powder-based solution as “powder” and the device produced from a solution of
the individual salts in our standard process as “reference”.

9. Comparison of device statistics for passivated and unpassivated powders
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Figure S10. Device statistics for forward (Fo) and reverse (Re) scan direction of perovskite solar
cells with absorber layers from the passivated powder-based and unpassivated powder-based
precursor solution. MPP: maximum power point
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10. Cross-section of the reference device

Spiro-MeOTAD

Perovskite

Perovskite / mp-TiO,

FTO

hag= 41K K /D= 4Smm EHT = 15.00 hV

Figure S11. Cross-section SEM image of the PSC reference device.
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11. Experimental details
11.1. Synthesis of precursor compounds

MABr: 13.93 ml (112 mmol) methylamine (33 wt.-% in ethanol, Sigma Aldrich) were
dissolved in 60 ml of ethanol under an argon atmosphere. At room temperature 22 ml (80.91
mmol) HBr (48 wt.-% in H,0, Sigma Aldrich) is added dropwise within 30 min and the solution
is stirred overnight. The solvent is removed by a rotary evaporator and the powder is
recrystallized from ethanol leading to a reaction yield of 14.7 g (58.6 %).

MAI: 28.8 ml (231.1 mmol) methylamine (33 wt.-% in ethanol, Sigma Aldrich) were dissolved
in 170 ml of ethanol under an argon atmosphere. 16 ml (121.6 mmol) HI (57 wt.-% in H,0, Alfa
Aesar) is added dropwise within 30 min while being cooled in an ice bath and the solution is
stirred overnight. The solvent is removed by a rotary evaporator and the powder is washed
with ether and ether/ethanol mixture until the product is white. The reaction vyield is
16.2 g (84.4 %).

FAI: 10 g (96.05 mmol) formamidine acetate (abcr) were suspended in 20 ml of methanol
under an argon atmosphere. At room temperature 13.1 ml (99.3 mmol) HI (57 wt.-% in H20,
Alfa Aesar) is added dropwise within 20 min and the solution is stirred overnight. The solvent
is removed by a rotary evaporator and the powder is washed with ether multiple times. The
suspension is filtrated and the powder is dried. With the aid of acetonitrile non reacted
formamidine acetate is removed. The reaction yield is 13.9 g (84 %).

To test the pureness of the synthesized MAI, MABr and FAI, *H-NMR (300 MHz, DMSO-ds)
was conducted (Figure S12). Except for the DMSO signal at a chemical shift of 2.5 ppm and a
small amount of water stemming from the DMSO at 3.3 ppm only the signals from the protons

of MA and FA, respectively, can be seen.
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Figure S12. 'H-NMR (300 MHz, DMSO-ds) of MAI, MABr and FAI as synthesized
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11.2. Exact amounts of precursors for mechanochemical synthesis

MAPbIs: 1.900 g of MAI (11.95 mmol) and 5.509 g of Pbl; (11.95 mmol) were milled to prepare
the black powder.

MAPbBr3: 1.525 g of MABr (13.62 mmol) and 5.000 g of Pbl; (13.62 mmol) were milled to
prepare the orange powder.

FAPDIs: 1.982 g of FAI (11.53 mmol) and 5.312 g of Pbl; (11.52 mmol) were milled to prepare
the dark yellow / brownish powder.

MAPbI,Bri: 5.169 g of MAPbI; (8.34 mmol) and 2.000 g of MAPbBr3 (4.18 mmol) were milled
to prepare the black powder.

FA0.5sMAo sPbls: 3.000 g of FAPbIs (4.74 mmol) and 2.934 g of MAPbBr3 (4.73 mmol) were milled
to prepare the black powder.

(FAPbI3)o.85(MAPbBrs3)o.15: 6.332 g of FAPbI3 (10.00 mmol) and 0.844 g of MAPbBr3 (1.76 mmol)

were milled to prepare the black powder.

(CSo_osFAo_95Pb|3!o_85‘MAPbBrglo_lsi 1.448 g of FAI (8.65 mmoI), 4.200 g of Pbl; (9.11 mmoI),
0.118 g of Csl (0.45 mmol), 0.180 g of MABr (1.61 mmol) and 0.59 g of PbBr; (1.61 mmol) were

milled to prepare the black powder.

(FAPbI3)o.s5(MAPbBr3)o1s + Kl 5.194 g of (FAPbI3)o.ss(MAPbBr3)o.1s (8.52 mmol) and 0.072 g of

KI (0.43 mmol) were milled to passivate the powder.

_(Qo_osFAo_gsth)_o_gs(MAPbBrg)_o_ls + Kl: 2.500 g of (CSo_osFAo_gst|3)o_gs(MAPbBrg)o_ls (4.10 mmoI)

and 0.075 g of KI (0.45 mmol) were milled to passivate the powder.
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11.3. Pressing of powders to pellets and electrical measurements

For the electrical characterization, the powders were pressed into the shape of cylindrical
pellets with a custom made press. The press also allows to measure the electrical resistance
of the powder under pressure while being able to simultaneously illuminate the pellet. This is
achieved by electrically insulating the stainless steel press ram (area 1.27 cm?) from the press
and using it to contact the pellet from the top. From the bottom the pellet is contacted by an
ITO coated glass. This also allows the pellet to be illuminated from the bottom in a controlled
manner. In addition, the press matrix is electrically insulated by a PEEK insert. About 250 mg
of hybrid perovskite powder is necessary to obtain pellets with thicknesses in the range of
0.5 mm. The powders were pressed at 30 MPa for 1 h for compacting the powder. Then the
pressure was reduced to 1 MPa for the electrical measurement to ensure good contact, but
avoid pressure induced effects. A voltage of 1 V is applied between the stainless steel ram and
the ITO by a Keithley 2400 Sourcemeter for at least one hour and the current is recorded. To
photo excite the pellet a diode laser (Thorlabs) with an excitation wavelength of 405 nm is
repeatedly switched on and off for 2 min each by a Rohde and Schwarz HMF2550 arbitrary

function generator.
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ABSTRACT: The research interest in halide perovskites has
gained momentum enormously over the last recent years, also due
to the demonstration of high-efficient perovskite-based optoelec-
tronic devices. A prerequisite for such highly efficient devices is to
realize high-quality perovskite layers, which requires a deep
understanding about the perovskite formation and good process
control. In that context, in situ optical spectroscopy during the
processing of halide perovskites has become increasingly popular.
Even though it is a relatively easily accessible yet powerful tool for
studying perovskite formation, there exist some technical and
analytical aspects that need to be considered to unfold its full
potential. In this Perspective, we give an overview of the latest
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developments in the field of in situ optical spectroscopy to control and better understand the film processing of halide perovskites.
We highlight possibilities and pitfalls regarding the analysis of measured optical data, discuss the development of technical concepts,

and address future prospects of optical in situ spectroscopy.

1. INTRODUCTION

Since the first report as an efficient absorber material in solar
cells," ™ the interest in halide perovskites has gained enormous
momentum. To a large extent, this is because they combine the
most desirable properties of inorganic and organic semi-
conductors. Like organic semiconductors, they can be deposited
at room temperature and even from solution, thus allowing for a
cost-efficient industrial production on the basis of existing
technologies. However, in contrast to organic semiconductors,
they order into crystalline morphologies with concomitantly
delocalized states and a band structure like classical inorganic
semiconductors. This implies that exciton binding energies are
low” and that diffusion lengths of charges are high.%’
Consequently, halide perovskites are highly valued for next-
generation optoelectronic devices such as solar cells,” light-
emittin% devices (LEDs),” and ionization radiation detec-
tors."°""? Since halide perovskites assemble into a crystalline
structure during the formation of a film, the resulting final
morphology of the perovskite layer is decisive for their
optoelectronic properties and, thus, the efficiency of perov-
skite-based devices."> Accordingly, it was mainly morphology
optimizations, enabling perovskite solar cells to achieve ever-
higher record efficiencies so rapidly."*

Typically, the morphology of a perovskite layer depends
decisively on the processing method and, in particular, on the
exact timing of each step in the process. The high sensitivity of
perovskite’s functionality to the timings, during processing, can
also be regarded as a reason for the still limited reproducibility of

© 2021 The Authors. Published by
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perovskite solar cell efficiencies.® In the past, labor-intensive
approaches to optimize the perovskite layer have been pursued,
where optimization steps were mostly inferred retrospectively
from the characterization of the final thin film.'® In contrast,
during the past few years, investigating and understanding the
perovskite formation process during film processing started to
attract attention.

Several studies addressed the film formation process with the
help of in situ measurements. They mainly were using scattering
methods,'”~*° which allowed to identify the important role of,
for example, additives, the exact process conditions, or the
morphology of precursor layers.'”*° ! In addition to scattering
methods, other techniques such as optical spectroscopy are also
suitable to study the formation of semiconductor films from
solution.”>** This is because the crystallographic structure of the
perovskite is very sensitively linked to its electronic structure and
thus to its optical properties. Hence, in situ optical spectroscopy
has become increasingly popular, often complementing in situ
scattering experiments, for example, to identify different
crystallization phases and their timing in the film-formation
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Figure 1. (a) Decomposition of a semiconductor absorption spectrum according to Elliott’s theory into band-to-band absorption in the free electron
picture (red dotted), absorption of bound states of the exciton (blue), and absorption of the excitonic continuum (red dashed). Reprinted with
permission from ref 46. Copyright 2018, the authors. (b) Absorption coefficient « of MAPbI; as determined by (red symbols) photothermal deflection
(PDS) and (red solid) calculated from the PL (black symbols) according to eq 2. Adapted with permission from ref SS. Copyright 2016, the American

Physical Society.

process.29’3'4'35 In addition, driven by in situ optical character-
izations, some studies could gain more detailed insights about
the nucleation and growth dynamics or about the perovskite
growth at the early stage of film formation.>**” Recently, we and
others investigated the formation of perovskites in detail by a
simultaneous measurement of photoluminescence (PL) and
absorption or reflection, further demonstrating the potential of
optical in situ spectroscopy during the processing of halide
perovskites.”**? Spurred by recent technological and analytical
advances,**** an optical in situ monitoring during film
processing has become relatively easily accessible. It thus has
significant potential as a versatile and cost-effective investigation
method, especially in comparison with time-resolved scattering
investigations, which typically can only be performed at suitable
beamlines.

In this Perspective, we give an overview of recent develop-
ments in the field of optical in situ spectroscopy for investigating
perovskite film formation, and we also highlight possible future
perspectives. First, we focus on the basic optical properties of
halide perovskites and which information can be extracted from
them (Section 2). In Section 3, we give an overview of technical
developments to measure the optical properties during
processing, such as spin coating or slot die coating. We
summarize recent developments and studies that use optical in
situ spectroscopy either to improve processing control or to
better understand the film formation (Section 4) before
discussing future prospects in Section 5.

2. OPTICAL PROPERTIES OF HALIDE PEROVSKITES
AND THEIR MEASUREMENT-RELATED ARTIFACTS

A simple method to probe the electronic structure of a
semiconductor is to measure its absorption spectrum. To do
so, typically white light with intensity I, is irradiated onto the
sample, where the light is either transmitted (T'), absorbed (4),
scattered (S), or reflected (R).

I,b=T+A+S+R 1)

In the absence of scattering, the absorption can be calculated
from transmission and reflection data. If the fraction of reflected
light is small, for example, upon a perpendicular incidence of the
white light, it is possible to calculate the absorption of the sample
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by considering only transmission. For lead halide perovskites,
the divalent metal and the halide mainly determine the
electronic structure of the perovskite band edges,* ~** leading
to optical properties similar to traditional inorganic semi-
conductors like GaAs.***® The absorption spectrum of lead
halide perovskites can be decomposed into different contribu-
tions, as indicated in Figure la.to%”

One contribution is the band-to-band absorption (red dotted

line in Figure 1a), which starts at the material-characteristic band
gap energy. In addition, excitonic absorption features are present
and superimpose the band-to-band absorption. Excitons are
electron—hole pairs bound by Coulomb interaction.”® This
interaction results in bound states below the band gap (blue line
in Figure 1a) and also in continuum states above the band gap
(red dashed line in Figure 1a).* The absorption spectrum of
halide perovskites can be described by Elliott’s theory, from
which it is possible to extract parameters such as the exciton
binding energy and the band gap energy.*” The band gap is often
also determined using a Tauc plot. There, it is assumed that the
absorption is ~ \/ E for a direct optical transition, so that plotting
the square of the absorption versus energy results in a straight
line. In such a Tauc plot, the crossing point of a linear fit to the
absorption onset with the energy axis determines the band gap.
For an indirect transition, the square root of the absorption
needs to be taken instead of its square, due to the different
spectral dependence of direct and indirect transitions. However,
since the excitonic absorption masks the band-to-band
transition (Figure 1a), the use of a Tauc plot is inappropriate
to determine the absolute band gap energy for typical halide
perovskites. It though may be used to quantify changes in
absorption onsets.**>°

Apart from band-to-band and excitonic absorptions, there

exists a tail-state absorption, which extends far below the band
gap of the semiconductor.”' ~* Here, a typical example is the so-
called Urbach tail, with an exponentially decreasing absorption
coefficient toward lower energies (Figure 1b).>**> While the
exact mechanism causing this exponential decrease is under
debate, there is general consensus that electron—phonon
interaction as well as static disorder influence the slope of the
Urbach tail.*>****=%° Even though the Urbach tail contains
valuable information, it is challenging to access it directly in an

https://dx.doi.org/10.1021/acs.jpca.0c10765
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Figure 2. (a) Absorption spectrum with optical density modulations due to interference effects. The inset sketches the interference effect at a thin layer.
The arrows in different colors indicate light with different wavelengths, leading either to positive (+) or negative (—) interference caused by reflections
at interfaces. (b) Absorption spectra of a perovskite film with incomplete surface coverage for different measurement setups. The blue line shows the
absorption of an individual crystal measured with an optical microscope. (inset) Microscopy image of the investigated perovskite film. (c) Calculated
absorption spectra for decreasing surface coverage ratio /3 based on the absorption spectrum of an individual perovskite crystal from (b). (b, c)
Reprinted with permission from ref 67. Copyright 2015, American Chemical Society. (d, left) Sketch illustrating prolonged PL paths in a crystal due to
internal reflections. (d, right) Resulting PL spectrum, consisting of a contribution due to direct PL (Peak 1) and filtered PL (Peak 2) resulting from self-
absorption. Reprinted with permission from ref 68. Copyright 2020, the Royal Society of Chemistry. (e) PL peak position (symbols) as a function of
film height for MAPDI, thin films with different thicknesses. The dashed line is a fit according to eq 5. Reprinted with permission from ref 69. Published

by the Royal Society of Chemistry.

ordinary absorption measurement, due to limited setup
sensitivities.

However, the Urbach tail is also reflected in the shape of the
PL spectrum, since the latter relates to the absorption of the
material. The radiative recombination of free holes and electrons
can be described (in a case of spatially homogeneous charge
carrier distribution) as®"®

H
kT

PL(E)  a(E)-E*
(E) « a(E)-E™-exp T

-exp

@)

where a is the absorbance, kg is the Boltzmann constant, and T'is
the temperature. y represents the quasi-Fermi level splitting
(sometimes also labeled Ap), which is the splitting between the
quasi-Fermi levels of the electrons in the conduction and in the
valence band. eq 2 implies that the absorption coefficient of a
perovskite can be calculated from PL measurements. A
comparison of the absorption calculated from PL with an
absorption measured by Ehotothermal deflection spectroscopy
is shown in Figure 1b.%° Furthermore, with the absolute PL
intensity or the PL quantum yield (PLQY), it is possible to

extract p by®®*

# = py + kT In(PLQY) 3)
where /1,4 is the quasi-Fermi-level splitting in the radiative limit.
u reflects the highest achievable open-circuit voltage (Vo) of a
device that includes the investigated material as an active layer.
Therefore, it is also referred to as implied V.

At this point, some brief consideration of the PLQY (or PL
intensity) is useful. Charge-carrier recombination in halide
perovskites can be described by a rate equation accounting for
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monomolecular (defect-assisted, ~n), bimolecular (~n?), and
Auger (~n*) recombination, with only the bimolecular
recombination occurring radiatively.> Because of the different
dependencies of the individual recombination mechanisms on
the charge-carrier density n, also the PLQY is a function of n.°°
Thus, without the knowledge about the charge-carrier density
present in the experiment, a measured PLQY value has only a
limited validity to assess the quality of a sample. For example,
even under identical experimental conditions (especially laser
fluence), a higher n can be present in a polycrystalline sample
due to a more limited charge-carrier diffusion as compared to a
highly crystalline thin film with large grain sizes.

The models mentioned above describe the intrinsic optical
properties of the material. In reality, however, optical effects alter
measured spectra. One possible effect is a sinusoidal modulation
of the absorption (or transmission) spectra due to white light
interference, as illustrated in Figure 2a. Depending on the
thickness of the layer and the wavelength of the light (indicated
by the color of the arrows in Figure 2a), the directly transmitted
light (thick arrow on top) can interfere either positively
(indicated by “+” for the orange arrows) or negatively (indicated
by “—” for the green arrows) with the internally reflected light
(thin arrows on top). Positive interference leads to a decrease in
the OD, while negative interference leads to an increase.
Interference can be caused, for example, by a wet solvent layer,
which becomes thinner upon drying. If the refractive index of the
layer causing the interference is known, the layer thickness d can
be calculated from the spectral position of two adjacent extrema
according to>*%°

https://dx.doi.org/10.1021/acs.jpca.0c10765
J. Phys. Chem. A 2021, 125, 2209—-2225
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where , , are the wavelengths at which two neighboring extrema
occur, and #, , are the refractive indices at 4, .

Another aspect affecting the absorption spectra is the surface
coverage of the sample, that is, how much of the invest'6g7ated
sample area is covered by perovskite (see Figure 2b,c).”” An
incomplete surface coverage is likely to be present at the
beginning of a film-formation process. This incomplete coverage
results in a lower overall absorption intensity, and, notably, it can
cause an apparently distorted absorption spectrum where the
high-energy region appears flatter (see Figure 2c). This artifact is
a direct result from white light passing the uncovered areas of the
sample. It can be deduced by a correct application of the
Lambert—Beer law by considering that a fraction of the white
light is partly absorbed by the perovskite and the rest of the light
is transmitted at uncovered areas without being absorbed.®”
Additionally, an incomplete surface coverage leads to increased
light scattering at perovskite crystallites, resulting in an overall
lift of the baseline in measured absorption spectra. Measuring
the latter in an integrating sphere minimizes the influence of
scattering (Figure 2b).

A further optical effect relates to the crystal thickness. When
the crystal thickness of the investigated perovskite sample
increases, then the measured absorption spectra become more
steplike. This is because the fraction of white light passing the
sample at the uncovered areas (or the dark current of the
detector) determines an upper limit of the detectable
absorption. If the absorption of the material exceeds this
value, the recorded absorption spectrum is “cut off” at this upper
limit. Because of the finite decrease of the absorption coefficient
below the band gap, this cutoff happens at lower energies for
increasing samples thickness. When such absorption spectra are
normalized, the band edge appears shifted to lower energies, due
to this optical effect. Thus, a red shift of the absorption edge with
increasing perovskite thickness is an optical artifact and not
necessarily due to a change of the fundamental band gap. This
should be taken into account before associating an absorption
shift with a change in band gap energy.

Although it is not meaningful to extract a film thickness from
such absorption spectra, it can still be possible to quantify the
coverage ratio and average crystal height, as detailed by Tian et
al.

Not only absorption but also measured PL can deviate from
the intrinsic PL properties. For example, PL spectra of halide
perovskites can—depending on the measurement conditions
and layer thickness—heavily be influenced by self-absorption.
This strong reabsorption of emitted light results from the
refractive index difference between the perovskite layer and the
air or glass interface. The refractive index of halide perovskites
(~2.5 for methylammonium lead iodide (MAPbL,))"° typically
is significantly higher than the refractive indices of the
surrounding media (e.g, for a fused silica substrate ~1.4S at
the wavelength of the PL of MAPbI,),”" which leads to a high
probability for internal PL reflections, as can be deduced from
the Fresnel equations. This in turn can cause multiple internal
reflections of the emitted light and concomitantly a long optical
path length. Because of this long optical path, the low absorption
at the absorption onset becomes nevertheless relevant, as it
reabsorbs the high-energy part of the emitted light, thus
apparently shifting the PL peak to lower energies. This effect is
accompanied by a reduced PL intensity (i.e., PL quantum
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efficiency) and can lead to additional PL features such as
shoulders or distinct peaks at lower energies (see Figure
2d).°*7>77¢ Even in perovskite thin films, the effect of self-
absorption on measured PL can be surprisingly strong, as the
optical path lengths within the perovskite can be significantly
longer than the film thickness. Obviously, the surface roughness
of the perovskite also influences the reflection probability,
changing the light in- and outcoupling.”*”” Depending on which
parameters should be extracted from the PL, self-absorption
needs to be considered quantitatively by optical model-
ing.*>">7%7% We note that the extent of self-absorption on
measured PL typically is sensitive to the specific measurement
geometry. This allows to identify self-absorption effects in the
PL spectrum by changing the measurement geometry.”””®

In addition to optical effects that alter measured PL spectra,
changes of the semiconductor’s electronic structure also
influence its intrinsic PL properties. A relevant effect in the
context of film formation is quantum confinement. It is present if
perovskite crystallites are very small, that is, less than
approximately 25 nm. Then the PL shifts to higher energies
compared to the bulk material (Figure 2¢).% The shift can be
understood in terms of a quantum mechanical particle in a box
model. There, the energy levels (and thus their difference)
depend on the square of the size of the box. As illustrated in
Figure 2e, the PL peak position E can be related to the crystallite
size d according to®'

b
B+ =

N 0
where E, is the bulk PL peak position, and b is a constant, which
was reported to be in the range of 1—5 eV/nm? for MAPbI,.*>**
Thus, if b and E, are known, the size of the crystallites can be
estimated from the PL peak position. It is also possible that the
PL intensity increases with increasing confinement, which was
frequently explained by an increased overlap between electron
and hole wave function.**”*® If confinement and a size
dependence of the PL intensity are present, a distribution of
crystal sizes leads to an asymmetric broadening of the measured
PL peak.*>*” Confinement effects during thin-film processing
are most likely to occur at the beginning of the perovskite
formation.

Additionally, strain, for example, introduced by a substrate,
can alter the electronic structure of the perovskite.** ' In
contrast to quantum confinement, the presence of strain can lead
to band gap (or PL peak) shifts to higher but also to lower
photon energies,gg_91 as two different effects can occur: a
decrease in the Pb-X bond length, which was found to decrease
the band gap energy, and a strain-induced decrease of the Pb-X-
Pb bond angle causing an increase of the band gap.**~*° Even
though both changes in strain and quantum confinement can
easily occur simultaneously during perovskite processing, it is
possible to distinguish the individual effects, as they impact the
PL in different ways. While quantum confinement occurs only
for crystal sizes below ~25 nm, strain is not limited to small
crystallites. Furthermore, quantum confinement is often leading
to an increased PL intensity and asymmetrically broadened PL
peak shape.*>®” This is in contrast to strain, which—to the best
of our knowledge—does not lead to higher PL intensities, but
rather a strain-induced PL decrease was found recently.*®

Another cause for a spectral shift of the PL peak (and the
absorption onset) can be a change of stoichiometry in the
perovskite’s composition. For example, the band gap of lead
halide perovskites can be tuned continuously from 1.55 to 3.15

https://dx.doi.org/10.1021/acs.jpca.0c10765
J. Phys. Chem. A 2021, 125, 2209—-2225
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from ref 40. Copyright 2018, American Chemical Society. (b) Illustration of a wide-field microscope setup, to measure transmission spectra
superimposed with PL. Considering reference measurements, individual spectral contributions (absorption and PL) can be extracted. Reprinted with
permission from ref 103. Copyright 2019, American Chemical Society. (c) Schematic of the optical monitoring process to simultaneously measure
transflectance (by halogen lamp) and PL (excited by 455 nm LED) spectra. Reprinted with permission from ref 38. Published by The Royal Society of
Chemistry. (d) Schematic illustration of the main components of a detection system for the quasi-simultaneous measurement of absorption and PL
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eV by changing the halides, that is, by mixing iodine with
bromine and bromine with chlorine.”~** Since it is well possible
that different halides incorporate into the perovskite crystal with
different speed, a change in halide ratio can occur during film
formation as well.”®

When the optical changes that are observed in situ in the
course of perovskite formation from a solution are interpreted, it
is important to be aware of the above-mentioned optical effects
that can impact on absorption and PL spectra.

3. TECHNICAL APPROACHES TO RECORD OPTICAL
SIGNALS IN SITU DURING FILM FORMATION

Before one focuses on specific approaches to monitor optical
properties during the processing of halide perovskites, it is
worthwhile to consider briefly what might technically limit the
proper detection of optical spectra. One important aspect is that
halide perovskites often exhibit a low PLQY at relevant
processing temperatures (e.g., room temperature or higher).97
Thus, for excitation intensities that are sufficiently low to avoid
perovskite degradation or structural changes, the PL spectra can
suffer from a relatively poor signal-to-noise (S/N) ratio.
Similarly, in the case of transmission or absorption measure-
ments, a poor S/N ratio can result from a strong absorption of
the perovskite or a weak light intensity of the white light source.
In steady-state measurements, one can overcome these
limitations by using a sufficiently long exposure time for light
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detection or by averaging a large number of individual
measurements. This, however, is not possible for in situ optical
spectroscopy, where spectra are taken several times per second,
and thus the exposure or integration time for a spectrum is
limited by the rate with which the subsequent spectra are taken.
In many cases, depending on the perovskite film-formation
route, at least a subsecond time resolution is required.
Therefore, most studies in the past used state-of-the-art
charge-coupled devices (CCDs) with a subsecond repetition
rate for light detection. An obvious way to overcome the
limitation on the light accumulation time available for each
spectrum during in situ measurements is to increase the intensity
of the light source. This works as long as the impinging light
intensity does not damage the sample or significantly affect the
film-formation dynamics, for example, due to laser heating. This
condition is easier to meet for the white light sources employed
in transmission measurements than for the laser irradiation
required for PL studies. This is one of the reasons why, in the
past, in situ measurements to study the film formation of halide
perovskites were preferably conducted merely for absorp-
tion 29/36:98=100

Generally speaking, the smaller the power density of the
incident light (be it white light or laser light), the less light-
induced sample degradation occurs. When leaving the power of
the incident light constant, it thus can be beneficial to increase
the size of the irradiation spot, which decreases the power

https://dx.doi.org/10.1021/acs.jpca.0c10765
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density while the overall signal can stay roughly constant. In this
context, also the use of optics with high collection efficiency, in
combination with large size photodetectors, is beneficial to
minimize the necessary excitation power density while
maintaining an appropriate S/N ratio.

For in situ transmission measurements, the technical
challenge is to place either the white light source or the
components for light detection below the sample in the setup
used for processing, for example, in a spin coater or slot die
coater. In many cases, this makes it necessary to modify existing
setups extensively or even to pursue a self-construction. In 2014,
Abdelsamie et al. presented a home-built spin coater with a hole
in the center of the rotating chuck, with enough space
underneath to install an optical fiber. With the help of this
fiber, the white light transmitted from above the sample was
directed into a spectrograph.'®' Using this setup enabled the
investigation of the film formation of various solution-processed
semiconductors such as organic semiconductors and hybrid
perovskites.”*'*102

In 2018, we built a spin coater with a reversed geometry,
where the white light is placed below the rotating chuck and the
optical fiber for light detection is located above the sample
(Figure 3a).* This geometry allows for the quasi-simultaneous
detection of absorption and PL as detailed further below. To
measure the PL precisely and to minimize self-absorption
effects, the sample needs to be excited on the same side from
which the PL is detected. One realization for this is that the
incident excitation light and the fiber collecting the PL are both
above the perovskite/air interface (Figure 3a). If the layer
supporting the perovskite film does not cause PL quenching,
then it is also possible to invert the measurement geometry as
shown in Figure 3b. Such a measurement setup was recently
presented by Hong et al.'”* There, white light shines through the
perovskite layer from above for the transmission measurement.
The PL is excited from below the sample by a continuous wave
(CW) laser beam in the fashion of a confocal PL microscope.
The PL that emits into the lower-half space and the transmitted
white light are both collected by the microscope objective and
directed into a spectrograph. As a result, one detects a
transmission spectrum of the halogen lamp through the
perovskite layer, superimposed by the perovskite PL. By
measuring the transmission also without laser excitation, the
spectral contributions of the PL and the transmission can be
separated. Since the reference absorption to determine the PL
can change over time due to the structural dynamics of the
perovskites, it is necessary to record transmission spectra
without PL excitation repeatedly. Thus, the measurement of the
PL must be interrupted repeatedly for a certain time span. Hence
Hong et al. used this method to study changes of optical
properties on longer time scales, that is, minutes to hours, and
investigated perovskite degradation due to environmental
influences.'®® In his work, the simultaneous monitoring of PL
and absorption allowed to differentiate a structural degradation
of the perovskite from changes in the electron—hole
recombination mechanism. This nicely demonstrates the
potential to gain deeper insights when considering both PL
and absorption.'*

Apart from absorption and PL, also PL excitation spectros-
copy was recently used to investigate the de$rgdation of lead
halide perovskites in a microscope setup.'®’> Here, the PL
intensity is monitored as a function of excitation wavelength. By
also measuring the transmitted excitation light, the absorption of
the sample can be calculated, which then enables a calculation of
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wavelength-dependent changes in the PLQY. With this
approach Merdasa et al. could identify a transition range
between MAPDI; and Pbl,, at which charge carriers accumu-
late."™*

The PL and absorbance can be measured simultaneously on
shorter time scales and with higher detection rates when using
different, dedicated detectors for PL and absorption. This can be
implemented in several ways.

In 2016, Engmann et al. presented a setup where a diode laser
excites the PL of the sample from above, while white light is
directed onto the sample at an angle matching the substrate’s
Brewster angle.106 Thus, both the light transmitted through the
sample and the light reflected by the sample could be detected
separately, using additional polarizers in front of the different
spectrographs. This allowed a study of the temporal evolution of
PL, absorption (calculated based on transmitted white light),
and film thickness (calculated based on reflected white light, see
eq 4) during a blade coating of different organic semiconductor
blends.'” To avoid scattered white light disturbing PL spectra,
it is necessary to probe PL and transmission or reflection not at
the same sample spot but slightly offset from each other. This is
sufficient for processing methods such as blade coating or slot
coating, where the drying proceeds along one specific direction.

Recently Suchan et al. investigated the perovskite formation of
MAPbI;_ Cl, during annealing, using a homemade setup to
measure PL and the reflected white light from the same sample
area (Figure 3c).”® Interesting here is that the bottom side of the
sample substrate is mirrored. If the white light enters the
detector after reflection at this mirrored bottom side, it is
transmitted through the perovskite as well. The authors call this
transflectance, which also contains information on the perov-
skite absorption.® From a technical viewpoint this is elegant,
since all components of the measurement setup can be placed
above the sample so that fewer technical modifications of
existing processing setups are needed to implement the
measurement system. Recently, also Rehermann et al. used
this measurement concept to determine transflectance during a
spin coating and subsequent annealing of mixed-halide perov-
skites of the type MAPb(LBr,_,);.""

To reduce the technical effort for the measurement of
different optical signals, we developed an optical detection
system that allows measuring PL spectra and absorption spectra
quasi-simultaneously by means of one single detector unit
consisting of a spectrograph coupled to a CCD camera.*° Figure
3d shows a schematic of the measurement concept. A rotating
chopper blade with mirrored segments represents the
conceptual centerpiece. With that, it is easily possible to
alternate between two different beam paths: During the
detection of an absorption spectrum, the laser diode is switched
off, and the white light LED is switched on. The light transmitted
through the sample is reflected at the mirrored chopper blade
segments and directed straight into a spectrograph (Figure 3d,
top). In contrast, during PL detection, the laser diode is switched
on, the white light LED is switched off, and the chopper blade is
in such a position that the PL passes through an empty chopper
segment (Figure 3d, bottom). This way, PL enters an extended
optical path that includes an optical filter to block any unwanted
remaining laser signal. The filtered PL finally is directed into the
spectrograph via deflection mirrors. A microcontroller ensures
the correct timing between the on and off states of the laser
diode, white light, and chopper blade position. The maximum
rate for detecting pairs of PL and absorption depends mainly on
the maximum detection frequency of the CCD camera used. In

https://dx.doi.org/10.1021/acs.jpca.0c10765
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Figure 4. (a) In situ absorption during MAI loading on the P, precursor phase (top) and on the dry Pbl, film (bottom). Reprinted with permission
from ref 29. Copyright 2019, Wiley-VCH. (b) Temporal evolution of absorption intensities at S90 nm from in situ absorption measurements during a
spin coating of MA;Bi,], without and with the use of an antisolvent (CB), dripped after 40 s of spin coating. Reprinted with permission from ref 99.
Copyright 2019, Wiley-VCH. (c) In situ absorption of MAPbI;_,Cl, during annealing (left). Corresponding temporal slices at a wavelength where the
perovskite and the intermediate phase absorb are shown on the right. Reprinted with permission from ref 100. Copyright 2014, American Chemical
Society. (d) Temporal evolution of the PL intensity during annealing at different temperatures of a perovskite film deposited on a PEDOT:PSS layer
(top). Solar cell efficiencies as a function of annealing time for different temperatures (bottom). The arrows indicate the coincidence of annealing time
for maximum device efficiency and time at which the drop in PL intensity saturates. Reprinted with permission from ref 110. Copyright 2016, Wiley-

VCH.

our case, it was possible to detect pairs of PL and absorption with
a rate of up to 15 Hz, that is, with a minimum acquisition step
time of ~67 ms, allowing to resolve all typical film-formation
dynamics of organic semiconductors and halide perovskites.*”*’

This brief, exemplary yet not exhaustive overview may serve to
illustrate different concepts that can be employed to monitor
optical signals during the processing of halide perovskites. By
now, experimental approaches exist that require only a low
number of technical components and that are relatively easy to
implement in existing processing setups. This is an encouraging
development, which facilitates the use of in situ optical
monitoring for improving process control, both in the laboratory
as well as in the industrial context. Moreover, these
technological developments will make it easier to combine in
situ monitoring of optical signals with other in situ measurement
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techniques, for example, in situ grazing incidence wide-angle X-
ray scatter (GIWAXS). The combination of several individual
measurements into one time-resolved multimodal measurement
allows for a detailed characterization of the sample evolution
during processing.*”'**'% Following how several properties
evolve and correlating them has a high potential to elucidate the
film formation of halide perovskites in a level of detail that was
previously not possible.

There is, however, a further, only partially resolved, technical
aspect that is worth mentioning. The detection of optical spectra
taken over a period of time can quickly generate large amounts of
data due to high frame rates and/or long investigated time spans.
These large collections of data become difficult to deal with, so it
becomes necessary to find ways for their efficient processing,
display, and analysis. It is evident that this aspect will gain further

https://dx.doi.org/10.1021/acs.jpca.0c10765
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importance in the area of in situ monitoring during film
processing.

4. RECENT DEVELOPMENTS REGARDING THE
CHARACTERIZATION OF THE FILM-FORMATION
PROCESS

4.1. In Situ Optical Monitoring to Determine Timings
of the Film-Formation Process. In situ spectroscopy of
individual optical properties was used repeatedly to monitor the
timing of different steps in the perovskite crystallization process
and to support the results from corresponding X-ray scattering
measurements, for different solution processing methods and
during annealing. Already in 2013, Burschka et al. tracked the
conversion of Pbl, to MAPbI; in a sequential deposition method
by in situ absorption and PL at characteristic wavelengths and
observed the perovskite conversion to be complete after ~20s.>*
This fast crystallization was enabled by the use of a porous TiO,
scaffold, leading to perovskite solar cells with, at that time, a
record efficiency of 15%. Similarly, Barrit et al. used in situ
absorption to investigate the influence of the Pbl, precursor
phase on the perovskite crystallization speed.”” In this work,
Pbl, films were loaded with a methylammonium iodide (MAI)
solution, followed by an isopropyl alcohol (IPA) washing step.
Using in situ GIWAXS measurements during spin-coating Pbl,
from dimethylformamide (DMF) solution, the authors
identified one disordered (P,) and two ordered (P, P,)
precursor phases before the dry Pbl, film formed. Ex situ
GIWAXS revealed that loading the precursor film with MAI
during the P, phase already leads to a complete perovskite
conversion of the film prior to annealing. To investigate this
perovskite formation process, the MAI loading step during P,
and for a dry Pbl, film were monitored using in situ absorption
measurements (Figure 4a). In the case of MAI loading during
the P, phase, perovskite absorption appeared quickly and
saturated after ~20 s, indicating complete conversion. In
contrast, when MAI was loaded on the dry Pbl, film, the
perovskite absorption grew significantly slower, implying a
slower conversion. This was explained by a decreased uptake of
the MAI solution of the dry Pbl, film. Finally, MAI loading
during the P, phase led to devices with an improved efficiency
and higher reproducibility.

Another example where in situ absorption was used for
determining timings during perovskite processing is the work by
Lee et al.”® The authors built solar cells, where the perovskite
layer was deposited by one-step solution processing without and
with different additives. On the basis of the device performances
and by atomic force microscopy, scanning electron microscopy
(SEM), and optical microscope images, N-cyclohexyl-2-
pyrrolidone (CHP) was identified to be the best additive for
improving crystallization and device efficiency. To investigate
the perovskite crystallization dynamics, in situ UV—vis
absorption was recorded during spin coating without additive
and with CHP. With additive, the perovskite formation slowed
significantly, as could be concluded from considering the
absorption at a perovskite-specific wavelength. Furthermore,
there was less contribution of scattering in the spectra, indicating
smoother films. Corresponding in situ GIWAXS measurements
showed that CHP inhibits the formation of Pbl, solvate phase,
thereby assimilating the crystallization rates of Pbl, and MAL

In situ absorption was used also in the case of the solvent
engineering method, where an antisolvent is applied during the
spin coating to initiate perovskite crystallization. Tang et al.
compared the crystallization of MAPbI; with that of a bismuth-
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based perovskite.”” Using in situ GIWAXS measurements, they
found that, for natural drying, the bismuth-based perovskite
formed directly without an intermediate phase, in contrast to
MAPDI;. To gain more control over the crystallization process,
an antisolvent was dripped onto the wet solution during spin
coating. This step was monitored using in situ absorption and
analyzed by following the time dependence at a wavelength
related to perovskite absorption (Figure 4b). Without
antisolvent dripping, the perovskite formation is slow and
reduced, whereas it is fast and more complete when the
antisolvent is dripped at an appropriate time.

Also, the annealing of perovskite films was monitored by in
situ absorption, for example, by Unger et al. for the case of the
PbCl,-based MAPbI,_,Cl, crystallization (Figure 4c)."%
Directly from the beginning of the annealing process at 100
°C, an absorption feature at wavelengths below 650 nm started
to gain intensity (Figure 4c), which they associated with an
intermediate phase absorption. For longer times, also absorption
at higher wavelengths, indicative for the perovskite absorption,
increased. Considering the evolution of absorption intensity at
560 nm (trace I in Figure 4c) and at 740 nm (trace P in Figure
4c) allowed to quantify the delay of the perovskite crystallization
to be ~10 min. From these measurements it also became clear
that the precursors fully converted to perovskite after 40 min.
Similarly, van Franeker et al. investigated the annealing of
MAPbI, films using in situ PL and absorption."'® On the basis of
in situ absorption, they found that, when a stock solution and
substrates were at room temperature, MAPbI; only formed
during annealing on a time scale of 1 min, whereas, upon using a
hot solution (70 °C) and heated substrate (92 °C), the
perovskite formed completely already during spin-coating.
Despite a complete perovskite formation during spin coating,
the nonannealed hot-casted films exhibited small grains resulting
in a low solar-cell performance. Annealing improved the solar
cell performance significantly, which was explained by an
increased charge carrier mobility, whereas annealing for too long
was detrimental. The authors investigated the increase of the
mobility during annealing by monitoring in situ the evolution of
perovskite PL intensity of samples processed on a quenching
layer (here poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)) (Figure 4d). Upon photoexcitation
from the top, carriers are generated near the surface and then
diffuse into the bulk. With increasing mobility, more carriers can
reach the quenching layer at the bottom, leading to a drop of
measured PL intensity. The authors found that the drop of PL
intensity saturates after a certain annealing time, depending on
the temperature (Figure 4d middle). Since excitation fluence
and film thickness were kept constant, this saturation behavior
indicates that further annealing does not lead to more carriers
reaching the quenching layer. Interestingly this was also the
annealing time, which led to the best solar cell performances
(Figure 4d bottom). This work thus underlines how powerful in
situ optical spectroscopgr can be for the inline monitoring of
perovskite processing."'

Another example where timings during the annealing step
were monitored by in situ spectroscopy, here in addition to the
spin coating step, is the work by Rehermann et al.'"” Driven by
the question whether stoichiometric inhomogeneities are
already introduced during film formation, they investigated
the film formation of MAPb(IBr,_,), for different halide ratios
x using in situ transflectance and ex situ X-ray diffraction (XRD).
From transflectance measurements, they inferred that pure
MAPDBT;, that is, x = 0, crystallizes directly into the perovskite

https://dx.doi.org/10.1021/acs.jpca.0c10765
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Figure S. (a) 2D map of the temporal evolution of in situ UV—vis absorption during drying of a blade-coated perovskite film (top), together with a
corresponding absorbance evolution at S00 and 700 (bottom). On the basis of the optical spectra, the solution, intermediate, and solid states could be
identified. (b) First derivative of the evolution of absorbance at S00 nm in the case for natural drying (black) and air knife blowing (red), starting after
40 s of processing (left). Also shown is an illustration of the temporal evolution of perovskite concentration in the framework of a classical LaMer model
in the case of nitrogen blowing during a solution state (red line), intermediate state (blue), or in the case of natural drying (black) (right). (a, b)
Reprinted with permission from ref 36. Copyright 2019, Wiley-VCH. (c) Temporal evolution of MAPbI;,_,Cl, concentration during annealing at
different temperatures, together with fits using a JMAK model with (solid lines) and without (dashed lines) considering a delay time . (left).
Reprinted with permission from ref 38. Published by the Royal Society of Chemistry. (d) Temporal evolution of PL peak position and PL intensity
during annealing of MAPbI, using Pbl, (top) or PbCl, (bottom) precursors. The shaded areas illustrate AE, which is defined as the difference of initial
and final PL energy values. Also shown are corresponding 2D maps within the first 20 s of annealing (right). Reprinted with permission from ref 37.
Copyright 2019, Wiley-VCH.

phase during spin-coating. However, for nominal halide ratios of the formation process. For example, Hu et al. monitored the
x=0.3 and 0.6, a bromine-rich perovskite phase crystallizes with drying behavior of a triple cation perovskite
x = 0.08 and x = 0.38, respectively, as inferred from the (Csg0sFAg1MA, 14PbL, < Bry,s) (FA = formamidinium) in a
absorption onsets. For higher iodine content, that is, x = 0.7 and DMF/DMSO (DMSO = dimethyl sulfoxide) mixture at room

pure MAPDI;, no perovskite phase but only a solvate phase is temperature using in situ absorption measurements.’® In the
observed, identified by ex situ XRD. On the basis of the course of a simple one-step processing, they could identify an
evolution of transflectance intensity associated with perovskite, intermediate phase occurring between the initial solution phase
they could find that the iodine delayed the perovskite formation and the final solid phase (Figure Sa). The intermediate exhibits a
for x = 0.3 and 0.6, while the bromine delayed the intermediate wavelength-independent increase in absorption intensity, due to
phase formation for x = 0.7 with respect to pure MAPbI;. When light scattering at structures with sizes in the range of the
annealed, also tracked by in situ transflectance and ex situ XRD, wavelength of the incident light. In contrast, for perovskite
the perovskite continues to grow and finally reaches the correct crystallization, the measured absorption intensity increases
halide ratio as initially introduced in the stock solution. more strongly in the shorter wavelength range, especially below
These examples demonstrate how improved control over the 700 nm (Figure Sa). On the basis of the timings of the film-
crystallization process can be obtained when monitoring the formation phases determined by the in situ monitoring, Hu et al.
different steps in the crystal formation process. This also allows then used a nitrogen air knife and systematically applied it during
to choose the correct time for the addition of an additive, the different film-formation phases.*® This allowed accelerating
antisolvent, or the correct time for the start of a heating process. the solvent evaporation starting from the moment of nitrogen
4.2. Probing One Individual Optical Property In Situ to blowing. The accelerated timings of the film-formation steps and
Understand Perovskite Formation. In situ optical spectros- the formation of a stronger perovskite signal were monitored
copy is not only suitable to determine the timing of certain film again by in situ absorption measurements. They calculated the
formation dynamics when accompanying in situ scattering first derivative of the measured absorption dA/dt at 500 nm,
investigations. Rather, optical in situ spectroscopic data were (i.e, at a wavelength at which the perovskite absorbs) for the
also the basis for further analysis and for better understanding natural drying case and for the case when the air knife starts after
2217 https://dx.doi.org/10.1021/acs.jpca.0c10765
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Figure 6. (a) In situ PL and absorption during the processing of an MAPbI;_,Cl, film. (b) Fit of eq 7 to a transflectance spectrum. (c) PLQY (top),
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40 s (i.e., during the solution phase) (Figure Sb). This derivative
qualitatively reflects the perovskite growth rate, which increased
by 2 orders of magnitude upon applying the air knife (Figure
Sb). In addition, Hu et al. compared the calculated dA/dt with
the expectation of the evolution of perovskite concentration in
the framework of a LaMer model to understand the nucleation
and growth dynamics with different, growth-rate-dependent
supersaturation scenarios (Figure Sb). On the basis of this
understanding of the in situ absorption data, it finally was
possible to adjust and optimize process parameters to obtain
high-quality perovskite thin films, leading to perovskite solar
cells with efficiencies above 209%.%°

Suchan et al. recently investigated the nucleation and growth
of MAPbI,_,Cl, during annealing at different temperatures.®®
They considered the temporal evolution of perovskite
absorption, which was extracted from in situ transflectance
measurements (Section 3) during annealing. For all investigated
annealing temperatures, the resulting time-dependent absorp-
tion showed a sigmoidal increase (Figure Sc), which they
analyzed in the framework of a modified Johnson-Mehl-Avrami-
Kolmogorow (JMAK) model for a nucleation and growth
process.

In this model the temporal evolution of the perovskite
concentration c(t) is described as
e_(koe_(E:/RT)(t_tomct))n fort>t

‘onset

o) =1- (6)

with k, representing the rate constant, n corresponding to the
dimensionality of the growth, Ef being the activation energy of
the MAPbI;_,Cl, formation, and ¢, being a delay time. Only
when taking into account f,.. in the JMAK model, it was
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possible to fit the evolution of perovskite absorption for all
investigated temperatures, allowing to quantify E. = (94 + 2) kJ
mol ™ as well as an activation energy of the delay time EY = (84
+ 7) k] mol™" (Figure 5c). Furthermore, an exponent of n = 2.1
+ 0.1 indicated a two-dimensional (2D) growth of the
perovskite.>®

Recently, Song et al. investigated the crystallization of
MAPDI; during a spin coating from a solution and during a
subsequent annealing for different lead precursors.’” Here in situ
PL monitored the film formation, and the measured spectra were
analyzed by fitting a Gaussian function to the PL peak. This
allowed to extract the PL peak position, full width at half-
maximum (fwhm), and PL intensity as a function of annealing
time (Figure Sd). For all lead precursors used, the authors
observed an initial appearance of PL, located at higher photon
energies than typical bulk PL. The peak shifts to lower energies
within the first few seconds, accompanied by a reduction of
fwhm. As described in Section 2, both optical signatures indicate
a confinement effect, so that the initial PL dynamics can be
associated with the growth of perovskite nuclei. For the PbCl,
precursor, that is, in the case of the crystallization of
MAPbI;_,Cl,, the PL disappears after the fast initial redshift
and reappears only after a certain delay time (Figure 5d). A
disappearance of optical features of MAPbI;_.Cl, in an
intermediate time range is in line with the above-described
results from Suchan et al.*®

From the works presented in this section it becomes clear that
monitoring single optical properties in situ during processing
already allows to gain important insights into the perovskite film
formation. This includes accessing nucleation and growth

https://dx.doi.org/10.1021/acs.jpca.0c10765
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Figure 7. (a) lllustration of the MAPbI, two-step processing, with in situ monitoring of PL and absorption during the second processing step. (b) 2D
Maps of the evolution of absorption (top) and normalized PL (bottom) during spin coating. (c) Evolution of PL spectra during processing in Time
Range I+1I (top), Time Range III (middle), and Time Range IV (bottom). Corresponding origins for the different PL shifts are indicated at the right.
(d) Evolution of film thickness during spin-coating derived with different approaches, that is, by converting OD into thickness (black), by exploiting
thin-film interference (orange diamonds), by association with a confinement effect (red squares), and by associating the PL shift with a self-absorption
(green triangles). (a—d) Reprinted with permission from ref 39. Copyright 2020, Royal Society of Chemistry.

dynamics or identifying the initial perovskite growth by
exploiting PL quantum confinement effects. However, to gain
an even more complete picture of perovskite formation, it is
necessary to access additional optoelectronic properties. This,
for example, is possible by simultaneous measurements of
several optical signals such as PL and absorption/reflection,
which is the topic of the following section.

4.3. Understanding Perovskite Film Formation Based
on a Simultaneous Monitoring of Multiple Optical
Signals. When measuring different optical quantities simulta-
neously, it is possible to extract considerably more insight about
the perovskite formation than when considering only one
component. Despite this fact investigations of the film-
formation dynamics of halide perovskites by multiple,
simultaneously measured optical properties are still rare.

Suchan et al. investigated the spin coating and thermal
annealing of the chlorine-derived synthesis of MAPbI;_,Cl, by
in situ transflectance and PL measurements (Figure 6a), which
are supported by XRD and X-ray fluorescence (XRF) measure-
ments.”® The absorption was extracted from the transflection
data R, assuming a spectrally constant reflection R, at the
perovskite—air interface and full reflection at the bottom of the
mirrored substrate, that is

R(4, t) = Ry(t) + Ry(t)exp(—a(4, )2dc(t)) )
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where R; is a constant,  is the absorption coefficient of the
perovskite, d is the overall film thickness, which is assumed to be
constant, and c¢ is the relative concentration of the perovskite.
The spectral dependence of the absorption coefficient was
approximated by a direct band-to-band absorption with band
gap E, in combination with Urbach tail absorption with the
Urbach energy E,, yielding

@y [E = E, for E> E, + E,/2

a(E) = E, (E-E
B ®)

—g]forE<E +E,/2
E, g

Here the upper branch describes the band-to-band
absorption, while the lower branch represents the exponential
Urbach tail absorption. Figure 6b shows a fit of the measured
transflectance data using eqs 7 and 8. While the applicability of
the model well-below the band gap might be limited as discussed
in Section 2, it allows to determine the concentration of
perovskite phase c(t), as evidenced by a good agreement of c(t)
determined by ex situ XRD and in situ transflectance data. As
described before, when analyzing c(t), Suchan et al. observed
that the MAPDI,_.Cl, crystallization during annealing was
delayed, that is, starting only after a certain time t,,,,, (Figure
5c), presumably due to the presence of excess chloride.*®

https://dx.doi.org/10.1021/acs.jpca.0c10765
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In corresponding PL data (Figure 6a), the delayed
MAPDI;_,Cl, crystallization is reflected by a significant increase
of PL intensity and PLQY after t,,, (here after ~40 s). During
spin coating (¢ < 0 s range) and at early annealing times, a clear
PL feature was observable, which significantly dropped in
intensity upon further annealing until ... At the same time, the
PL peak shifted to lower energies, which was associated with a
halide exchange in MAPbI; ,Cl, toward a higher iodine
concentration. The PL results from Suchan et al. deviate to
some extent from the PL results for MAPbI;_,Cl, by Song et al.
(Figure Sd) insofar as Song et al. observed a complete PL
quenching until toneet-” This could be due to differences in the
exact processing and measurement conditions, which were
attributed in the literature to lead to different MAPbI;_,Cl,
crystallization behaviors.*®

Suchan et al. were able to quantify the time-dependent
absolute PL intensity, which, together with the transflectance
data, allowed calculating the PLQY and, in turn, the implied V¢
during annealing, by using an equation similar to eq 3. In the
course of annealing, the PLQY as well as implied Vo increased,
reached a maximum, and then decreased again (Figure 6¢c). The
implied V¢ peaked after 38 min of annealing (i.e., even before
the PLQY), when only ~30% of the perovskite had formed. To
investigate the decrease of PLQY and implied V¢ in more
detail, the time-resolved PL at different annealing times was
measured. Considering corresponding PLQY values, they could
calculate the relative change of doping density according to
PLQY « 7na,, where 7 is the minority carrier lifetime, n, is the
net doping density, and a, is the absorptivity at the emission
wavelength (Figure 6¢). It turned out that the calculated doping
density decreased, which they associated with the decrease of the
implied V.

We recently investigated the two-step processing of MAPbI;
with spin coating, using the optical detection sgystem and the spin
coater described in Section 3 (Figure 3a,e).””** We monitored
in situ the evolution of optical properties during the second
processing step, that is, starting when MAI dissolved in isopropyl
alcohol is dripped onto a Pbl, thin film that was produced in a
prior, first processing step (Figure 7a). On the basis of the
measured PL and absorption within the first 22 s of spin coating
(Figure 7b), the film-formation process of MAPbI; could be
divided into five different time ranges.

While no clear absorption was detected directly after dripping
an MAI/IPA solution, a PL signal was already present, appearing
at higher photon energies compared to typical MAPbI; bulk
values (Figure 7c top). This PL shifted rapidly toward lower
energies within the first second of spin coating. We associated
the blue-shifted PL to stem from a quantum confinement effect,
similar to that of Song et al. in Section 4.2. Using the dependency
of the PL peak position on the crystal size (see eq S and Figure
2e), we quantified the temporal growth of MAPbI; crystals in
Time Range I (Figure 7d). After 1.5 s the crystal size reached
values of ~20 nm, connecting well to the film thicknesses after
~4 s, which were calculated from the absorption measurements
using the Beer—Lambert law (Figure 7d). This match suggested
that an MAPDI; layer, monocrystalline in vertical direction,
formed during the Time Range L In the Time Range II, this
compact MAPDI; layer prevents further MAI diffusion into the
now buried Pbl, layer, thus acting as a capping layer, which was
concluded from the temporally constant PL and absorption
spectra.

In Time Range III, a narrowing of the PL on the high-energy
edge was observed (Figure 7c middle). To better understand
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this PL dynamic, we modeled the spectra using a simple optical
model, which considers extended optical paths within the
perovskite due to internal reflections at the interface to adjacent
media.®®”® It turned out that an increase of perovskite layer
thickness to ~500 nm during Time Range III would be
necessary to model the experimentally observed PL shift, in
order to attribute it to self-absorption. This was in clear
contradiction to the layer thicknesses extracted by absorption,
which were ~1 order of magnitude lower (see Figure 7d
between 9.1 and 12.6 s). However, the difference spectrum (gray
area in Figure 7c middle) between the PL at the beginning and
the end of Time Range III matched well the PL spectrum at O s,
allowing to associate the difference PL to PL from still
nanoconfined grains in the capping layer. A shift of the
difference spectrum in the course of Time Range III toward
lower energies would indicate a growth of the nanoconfined
grains, but this was not observed. Rather, the difference
spectrum maintained its spectral shape and position during
Time Range III, while its relative intensity decreased. Thus, a
detailed PL analysis and simultaneous consideration of
absorption allowed to exclude a significant self-absorption effect
as well as the growth of nanoconfined grains during Time Range
IIL In fact, it enabled to identify the beginning of a dissolution
process of nanoconfined grains in the capping layer. This is
consistent with a dissolution-recrystallization reaction, which
was suggested in literature to occur in the course of perovskite
two-step processing.''"''> Here the dissolution of MAPbI, is
enabled by an increasing iodine concentration in the MAI/IPA
droplet upon solvent evaporation. In Time Range IV the
reaction then shifts intensively to the recrystallization process,
resulting in a strong increase of perovskite layer thickness,
extracted from the absorption data (Figure 7d). In Time Range
IV, it was indeed possible to fit the shifting PL using the optical
model mentioned above. Here the perovskite layer thicknesses
extracted from the PL modeling in Time Range IV matched very
well with the thicknesses determined from absorption, which
allowed to attribute the PL change in Time Range IV to an
increasing self-absorption effect. Thus, it was possible to access
the temporal evolution of the layer thickness, during the entire
film formation process, by analyzing the different optical
quantities in detail (Figure 7d). This finally allowed to quantify
the growth rates of the perovskite crystallization steps from the
slopes in Figure 7d, where a high rate of 445 nm/s of the
recrystallization process in Time Range IV pointed toward its
crucial role in the film-formation dynamics.>

Very recently, simultaneous PL and absorption spectroscopy
was used to in situ monitor the formation of mixed perovskite
(FAPbI;), g75(CsPbBr3)g 155 during spin coating.96 Together
with considering the layer thicknesses of the final films, the
evolution of PL peak position, PL peak width, and energetic
position of the absorption edge could be extracted as a function
of layer thickness. A simultaneous decrease of all three optical
parameters indicated the presence of a confinement effect at
early processing times. For longer times and subsequently for
higher-layer thicknesses, the PL peak position and energetic
position of the absorption edge further decreased, while the PL
peak width remained constant. Such a behavior was attributed to
a change in the stoichiometry, suggesting a more Cs- and Br-rich
stoichiometry at early spin coating times followed by a more
pronounced incorporation of FA and I at longer times.”®

From the discussed works in this section, it thus becomes clear
that considering two or even more optical signals simulta-
neously, during the perovskite processing, allows to extract more

https://dx.doi.org/10.1021/acs.jpca.0c10765
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information compared to when having only single optical signals
so that deep insights about the occurring film formation
dynamics can be gained.

5. CONCLUSION AND FUTURE PROSPECTS

This Perspective highlights recent developments in the field of in
situ monitoring the film-formation process of halide perovskites
using optical spectroscopy. It becomes clear that in situ optical
spectroscopy allows investigating the perovskite film formation
at different levels of detail, depending on the individual aims and
needs. This starts with the direct consideration of the measured
data such as PL or absorption intensity, to quantify the timings
of film-formation steps, and can extend to access parameters,
which are calculated on the basis of a detailed analysis of the
measured in situ data. These parameters even allow to access the
evolution of the potential optoelectronic functionality of the
perovskite during processing such as the implied Vj.
Furthermore, in situ optical spectroscopy enables enhanced
process control not only for lab-relevant processing methods
such as spin coating but also for solution-based methods that
allow for easy upscaling such as blade coating. The basis for this
is the technical development of the last years, which improved
and facilitated the accessibility of in situ optical spectroscopy.
This is likely to be beneficial for the entire halide perovskite
community, be it for a simple monitoring of timings or for
complex multimodal measurements, for example, at beamlines,
to gain more in-depth insight about the perovskite film
formation.

Regarding the investigated material systems so far, mainly the
model halide perovskite MAPbI; was the focus of interest. This
is fair enough, as the crystallization behavior of such a ternary
perovskite appears to be well-suited to investigate basic
crystallization concepts or to develop in situ techniques.
However, more complex multinary halide perovskites are
more relevant for efficient perovskite-based optoelectronic
devices, making investigating their film formation process by
optical spectroscopy an important future topic. Here we expect
that the additional insight provided from a detailed analysis of
the data will be increasingly relevant, for example, to clearly
differentiate a change of perovskite stoichiometry from other
effects such as PL quantum confinement or changes in
microstrain of the perovskite.

The latter aspect has to the best of our knowledge not yet been
explicitly considered in the analysis of in situ PL data during film
formation, even though it is known that changes in microstrain
affect the perovskite optical properties. It also has become
apparent that microstrain can significantly impact the
optoelectronic properties of a perovskite layer,''® making it
feasible that changes in strain also occur during film formation.
Because of the possibility to differentiate the optical signatures
of changes in strain from other effects such as quantum
confinement (Section 2), especially in situ PL spectroscopy
could become a valuable method to investigate, e.g., epitaxial
growth of perovskites in the future."'* It could also be used to
facilitate a targeted stabilization and strain management of
perc;;/sll?jste structures and interfaces in optoelectronic devi-
ces.””’

Another future aspect of optical in situ spectroscopy becomes
obvious when considering that, so far, only the formation of the
perovskite has been investigated, but little attention has been
paid to investigate solvent states and intermediate complex
states during film formation by optical in situ spectroscopy. It is
known that, already in the precursor solution, for example,
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depending on the iodine concentration and solvent, different
iodoplumbate complexes such as PbI;~ or PbI,*~ can form,
which show clear absorption signatures in the UV range.''®""”
The further perovskite crystallization was found to strongly
depend on these precursor states,"'®'"* making it important to
study and understand the dynamics of these solution states
during a perovskite processing. This is especially important for
solvent mixtures, as they are often used in state-of-the-art
perovskite solution processing. Here, predominantly in situ
absorption with a sufficient time resolution could be an
attractive characterization method to directly investigate the
transformation from precursor solution to perovskite during
solution processing.

Also, when it comes to the perovskite crystallization, there is
still potential to gain a more fundamental understanding with
the help of optical in situ spectroscopy. In particular, the
formation of intermediate phases or the formation of crystalline
perovskite solvent complexes often plays an important role for
the film formation process, where, for example, needlelike
structures can form.'”**'2°7123 However, these features have so
far been studied mainly using scattering techniques,"”*"** while
only a few studies used optical in situ spectroscopy.'** One
reason for this could be that these crystalline structures are often
optically inactive and have a rather transparent appearance,
preventing the measurement of intense and clear PL or
absorption signatures. During the film-formation process,
solvent complex structures often exist on length scales
comparable to the wavelength range of typical light sources
used for the spectroscopic investigations. This circumstance
could be used to utilize the optical scattering expected at the
solvent complexes, to indirectly characterize the crystallization
dynamics and also the transformation of the complex structures
to pure perovskites. This could be measured, for example, with
the help of in situ reflection spectroscopy, but also when
measuring in situ transmission spectra, optical scattering at
solvent complex phases would become noticeable by a baseline
lift in the optical density.

Finally, it can be noted that the available optical data that are
obtained, and possibly even already processed, in the course of
film formation may allow for a significant advance, if not even a
paradigm shift, in the preparation of halide perovskite-based
devices. It allows moving from a rigid processing protocol (that
was retrospectively obtained from previous measurements) with
set timings for each step, to a process control that relies on the
evolution of optical signatures. In combination with high-
throughput methods such as automatized and autonomous
setups including KI supported data analysis, optical in situ
measurements during a perovskite formation could evolve as a
substantial building stone to impel the commercialization of
perovskite-based optoelectronic devices in the future.
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Investigating two-step MAPDbI; thin film formation
during spin coating by simultaneous in situ
absorption and photoluminescence spectroscopy
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To date, the two-step processing method represents an attractive route for the thin film formation of halide
perovskites. However, a fundamental understanding of the film formation dynamics in the case of spin
coating methylammonium iodide (MAI) on Pbl, has not been established yet. Here we apply in situ
optical spectroscopy during the two-step film formation of the model halide perovskite MAPbIz via spin
coating. We identify and analyze in detail the optical features that occur in the photoluminescence and
the corresponding absorption spectra during processing. We find that the film formation takes place in
five consecutive steps, including the formation of a MAPbIs capping layer via an interface crystallization
and the occurrence of an intense dissolution—recrystallization process. Consideration of confinement
and self-absorption effects in the PL spectra, together with consideration of the corresponding
absorption spectra allows quantification of the growth rate of the initial interface crystallization, which is
~! under our processing conditions. We find that the main dissolution—

recrystallization process happens at a rate of 445 nm s,

found to be 11 nm s
emphasizing its importance to the overall

rsc.li/materials-a processing.

1. Introduction

The ongoing increase in the efficiencies of perovskite-based
optoelectronic devices, in particular solar cells, has been
delighting the research community for several years now. Key
aspects for this development were various breakthroughs in
the thin film processing of the perovskite layer. One of the
most important solution-based processing approaches to date
is the so-called two-step method, which was first reported in
2013."? In this method, a Pbl, layer is produced in a first
processing step, e.g. via spin coating, and then brought into
contact with methylammonium iodide (MAI) dissolved in an
alcohol, e.g. isopropanol (IPA), in a second processing step,
thus initiating the growth of the perovskite MAPbIL;. It is
possible to realize the second processing step either by
exposing the Pbl, layer to a MAI gas phase, by dipping the Pbl,
layer into a MAI solution, or by spin coating the latter onto the
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PbI, substrate. The main advantage of the two-step method is
seen in the supposedly higher process control compared to
other processing methods.?> However, it became clear in the
last few years that, similar to other solution-based film pro-
cessing methods, the final morphological and thus optoelec-
tronic properties sensitively depend on the precise processing
conditions of the two-step method.*® Some studies have
investigated the film formation dynamics during the two-step
method® and found that the MAPbI; crystallization process
depends e.g. on the MAI concentration,'>" temperature,'*"
and the timing of the processing steps.”> Depending on the
specific processing conditions it is possible that different
types of crystallizations occur, namely in situ interface trans-
formation or solid-liquid recrystallization, or both.**** So far,
most of the knowledge about the crystallization behavior of
the two-step method was obtained for the case of dipping the
PbI, layer in MAI solution, where crystallization takes place on
relatively long time scales.® In contrast, faster crystallization
takes place when applying MAI/IPA via spin-coating, which
leads to more homogeneous, compact and smoother films and
thus to better solar cells, making it a more technology relevant
processing strategy.* Recently we developed a measurement
setup that allows the measurement of absorption spectra and,
in parallel, photoluminescence (PL) in situ during solution-
based processing of semiconductor materials, such as spin-
coating.” By investigating the optical properties of halide
perovskites, it is possible to extract detailed information about

This journal is © The Royal Society of Chemistry 2020

181



Published on 25 January 2020. Downloaded by UNIVERSITAT BAYREUTH on 3/26/2021 2:24:28 PM.

Paper

their electronic structure, and concomitantly about their
composition.'*?® Thus, in this work, we use in situ absorption
and simultaneous PL spectroscopy to investigate the film
formation dynamics of MAPbI; for a two-step processing
approach using spin coating. We observe changes in both
absorption and PL during the spin-coating process. This
allows us to categorize the film formation process into five
different time ranges. By carefully considering quantum
confinement and self-absorption effects, we analyze in detail
the spectroscopic changes in the different time ranges. This
allows associating the changes in the optical properties with
specific morphological states. We find that both interface
crystallization and a dissolution-recrystallization process
occur. Based on our results it is possible to understand the full
sequence of perovskite formation dynamics that occur in the
two-step processing via spin coating.

2. Results

In the first processing step we spin coat a solution of Pbl, in
dimethylformamide (DMF) (461 mg ml™') onto a glass
substrate (Fig. 1a) and anneal it at 100 °C for 5 minutes
(Fig. 1b). This leads to a compact Pbl, thin film. In the second
processing step, we drop 200 pL of MAI dissolved in IPA (40
mg ml~') onto the Pbl, film to induce the MAPbI; crystalli-
zation and immediately start spin coating (corresponding to ¢
= 0 s), where the target spin speed of 1000 rpm min " is
reached after 2 seconds (Fig. 1c). The temperature of the
sample and MAI solvent during the spin coating is kept at 26
°C. During this second processing step, we monitor the
optical properties, i.e. absorption and PL, using a home-built
spin coater and optical detection system, both described in
detail in ref. 15. In brief, the rotating substrate with the
solution is excited with a white-light-source pulsed at 11 Hz
from underneath the chuck of the spin-coater, through a hole,
and its transmission is recorded with a glass fiber cable con-
nected to a spectrograph.

During the off-periods, a laser beam at 520 nm (2.38 eV)
excites the sample and the resulting luminescence is recorded
using the same glass fiber cable connected to the spectrograph.
In this way, pairs of transmission and PL spectra are measured
at a rate of 11 pairs per second. To correct the transmission of

a) b) c)

PL
{\ Abs.

PEL/DMF Heat 100°C P ocor

L= B = B e 2
Hot stage - White Light

Fig. 1 The preparation of MAPbIz film and the in situ spectroscopy
setup. (a) Pbl, in DMF is spin coated on a glass substrate. (b) Heat
annealing of the Pbl, layer. (c) MAI in IPA is spin coated on the Pbl,
layer and, during spin coating, PL and absorption of the film are
detected.
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MAPDI; [(t) for the transmission of the setup I,, we also recor-
ded the transmission signal obtained with a quarz substrate
and subtracted it so as to obtain the time dependent optical
density using the relation OD(t) = log(ly/I(¢)). The resulting
spectrum is shown in the ESI (Fig. S1f). It turns out that
a reflection signal from the initially unreacted PbI, film
obscures the clear identification of the MAPbI; absorption in
particular in the early stages, when the MAPDI; signal is still
weak. We therefore also recorded the transmission signal ob-
tained from a quartz substrate covered with a Pbl, film and used
this as reference value I,.; to calculate the time dependent
optical density as OD(f) = log(Z¢/I(t)), shown in Fig. 2a. One
may argue that, at later stages, this procedure implies sub-
tracting a no longer existing reflection signal as the Pbl, layer
has been used up. However, once the Pbl, has been used up, the
absorption from the MAPDI, is sufficiently strong, so this small
subtraction has essentially no effect. All spectra are also set to
a common baseline to account for fluctuations in optical scat-
tering. Fig. 2 shows the evolution of the absorption spectra
(Fig. 2a) and of the corresponding PL spectra (Fig. 2b), where
each PL spectrum is normalized to its maximum value. They are
both plotted as 2D color maps, so the color indicates the
intensity of PL or optical density (OD). For reference and visu-
alization, the absorption and PL spectra at 14 s are indicated at
the side of the maps.

From Fig. 2a it becomes clear that there is little change in the
absorption within the first 12 seconds of processing, while the
main increase in absorption intensity occurs between 12 and 14
s. From about 14 s onwards, the absorption remains largely
unaltered. We point out that the absorption cannot be evaluated
quantitatively within the first 4 s, since until then the pipette,
used to distribute the MAI solution across the glass substrate at
the beginning of spin coating, was in the beam path. In contrast
to the absorption, a photoluminescence peak prevails over the
entire time range investigated (Fig. 2b). Its energetic position
and width changes in the first 14 seconds and remains constant
thereafter. It is noteworthy that this PL has a finite intensity
even when there is only very little absorption from the MAPbI;,
implying a high quantum yield compared to that in later stages,
when there is significant MAPbI; absorption. For reference,
a plot of the PL spectra with absolute intensities is given in the
ESI (Fig. S17).

To analyze the different spectroscopic signatures and
temporal changes in more detail, we display the temporal
evolution of different spectral features in Fig. 2c. The optical
density at 1.665 eV indicates how the MAPbI; absorption
develops with time. We also show the evolution of the PL peak
position and the two photon energies at which the PL has
dropped to 25% of its maximum intensity (essentially following
the turquoise line in Fig. 2b). This is referred to as the “high
edge” and “low edge”. Furthermore, the temporal evolution of
the integrated PL intensity, corrected for the concomitant
changes of the absorption at the laser excitation wavelength
(2.38 eV) normalized to the value after 10 seconds, is shown.
This indicates the relative change of the PL quantum yield

(PLQY).
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Fig. 2 (a) 2D absorption map. The colour indicates the optical density. (b) PL map, with every spectrum being normalized. (c) Evolution of (top
panel) the optical density at 1.665 eV, (middle panel) the PL at the positions of the peak, "high edge” and “low edge”, and (bottom panel) the PLQY

relative to the value at 10 s.

If we take a closer look at the time evolution of the optical
parameters described above (Fig. 2c), we can identify five
consecutive time ranges between which specific spectral
changes of PL or absorption occur. We briefly describe what
characterizes these different regimes, before analyzing each
regime in detail. In the first time range, i.e. the first 1.4 seconds,
indicated as I in Fig. 2¢, we observe photoluminescence, and its
spectrum shows a fast initial shift towards lower energies. In the
subsequent time range II, i.e. the next 8 seconds, the PL shape
remains constant, while there is no noticeable change in
absorption intensity from 4 s onwards. In time range III, the
absorption increases slightly, and there are spectral changes in
the PL. The high-energy edge of the PL shifts to lower energies,
while the position of the low-energy edge remains constant.
Range IV can be associated with a steep increase and subse-
quent decreases in absorption. Simultaneously a further shift of
the whole PL spectrum to lower energies occurs, accompanied
by a significant reduction of the relative PLQY. After that, in
range V, no further change in the absorbance or PL occurs.

Range I

As mentioned above, absorption in range I cannot be evaluated.
However, directly after applying the MAI solution to the PbI,
layer, an initial PL spectrum with a maximum at 1.68 eV occurs,
which shifts within the first 1.4 seconds by about 50 meV to
lower energies (Fig. 3a top). Fig. 3b shows the temporal evolu-
tion of the energetic position of the PL peak, together with a fit

5088 | J. Mater. Chem. A, 2020, 8, 5086-5094

to an exponential decay that gives a time constant of 0.23 & 0.05
s. We note that the spectral shape of the PL peak is not
symmetrical. Rather, it shows a high energy tail that becomes
particularly obvious when fitting a hyperbolic secant e.g. to the
spectrum at 1.4 s (Fig. S21). Such a line shape was previously
found to account well for thermal and inhomogeneous broad-
ening of the PL peak shape of halide perovskites.”

To further investigate what may give rise to the high-energy
PL tail and the initially blue-shifted position of the maximum,
we recall that PL spectra that were blue shifted compared to
their bulk PL have been repeatedly associated in the past with
a confinement effect of the excited state by a finite crystallite
size.”*** For MAPDI;, this effect occurs for crystallite or grain
sizes below approximately 25-30 nm.**>®* We follow the
approach outlined by Parrott et al. to correlate the measured PL
peak position with the crystal size*” using the equation

E = E, + bld* (1)

where E; corresponds to the band gap energy, which we set to
1.63 eV. The parameter b represents a constant, which in the
literature is found to be in the range between 1 and 5 eV nm? for
MAPbDI;,>"*° so we assume a value of 3 eV nm? (see the ESI for
more detailst). With the help of eqn (1), the evolution of peak
position with time translates into an evolution of film thickness
with time (Fig. 3b and S3t). It appears that the film formation
starts at a thickness of about 8 nm, increases to about 20 nm
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(a) Evolution of PL during processing. Top: normalized PL within the first 1.4 s (range I) and at 6.0 s (range Il). Middle: normalized PL from

9.1s (black line) to 12.6 s (red line) (range Il1). The difference between the spectra at 9.1 s and 12.6 s is shown in grey. Bottom: normalized PL from
12.7 s to 14.5 s (range V). (b) Temporal evolution of the PL peak position together with an exponential decay fit. Also the crystal size that
corresponds to a certain PL peak position, as described in the text, is given. (c) Normalized absorption spectra between 4.1 s (red) and 9.1 s of
processing (range l1). (d) Absorption spectra from 10.1 s to 12.6 s (range Ill). For clarity each spectrum is offset by 0.15. (e) The 1% derivative of OD
at 1.665 eV together with a fit of a Gaussian. The peak position is defined as transition time tr.

within the first 1.5 s, and then remains constant. A fit to the
evolution of crystal size in the range up to 1.0 s gives an initial
MAPDI; growth rate for the film thickness in the range of 11 & 2
nm s~ (Fig. $31).

Range II

The measured absorption spectra between 4.1 and 9.1 s in range
II correspond to the known MAPbI; absorption spectrum and
its shape remains constant over time (Fig. 3c). After the initial
spectral changes in time range I, the shape of the PL spectrum
stabilizes from about 1.5 s onwards. This defines the beginning
of range II. The PL shape remains nearly constant until a pro-
cessing time of 9.1 s.

Range III

While the shape of the absorption spectrum does not change
over time at the beginning of range III, we observe a modulation
of the measured spectra in the time range between 11.4 s and
12.6 s (Fig. 3d). This may be associated with a thin film

This journal is © The Royal Society of Chemistry 2020
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interference effect, which is often used to optically determine
the thickness of thin films.** The layer thickness d can be
calculated from the spectral position of the extrema using the
equation®"*?

Aidy

- 2(111’12 — 121’11) (2)

where 4, and 4, correspond to the wavelengths of two adjacent
maxima or minima and 7, and n, represent the refractive index
of the layer material at A; and A,. While the determination of A,
and A, is relatively easily accessible from the measured spectra
(see Fig. S7 for detailst), it is not so obvious which material
causes the thin film interference in range III. If the thicknesses
are calculated using the refractive indices for MAPbI; (~2.4-2.5)
or Pbl, (~3.1-3.2), the resulting values are clearly too high
compared to the thicknesses determined based on the absorp-
tion and profilometer data (see the ESI for detailst). If the
refractive indices of isopropanol (~1.3-1.4) are used, we obtain
a thickness of 3.6 um at 11.4 s, which rapidly decreases to 1.4
um at 12.6 s.
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From 9.1 s onward, the spectral shape of the PL evolves. The
high-energy edge shifts from 1.74 eVat 9.1 sto 1.70 eV at 12.6 s,
i.e. by about 40 meV. In the same time range, the spectral
position of the low edge shifts merely by 7 meV, starting from
1.56 eV (Fig. 2b and c¢ and 3a middle panel). This spectral
dynamic results in an asymmetric narrowing of the measured
PL peak from the high-energy edge. At first sight, this might be
interpreted as a self-absorption effect in which the PL intensity
reduces in the spectral overlap region of PL and absorption.** To
check the plausibility of the self-absorption scenario in time
range III, we used the PL spectrum at the beginning of range III
(i.e. at 9.1 s) as the reference spectrum to calculate the
absorption edge using the subsequent PL spectra (see Fig. S47).
This is a well-known approach, especially for the optical inves-
tigation of inorganic semiconductors, where information about
the absorption edge can be obtained based on PL data.’**
However, we find that the absorption edges determined by this
approach do not match well with the absorption edges deter-
mined by the optical density measurements in terms of both
shape and energetic position (Fig. S47). To assess the influence
of self-absorption on the PL more precisely, we analyzed the PL
spectra in range III using a quantitative model we had already
successfully used in the past for this purpose.’** An important
feature of this model is that it takes into account extended
optical paths in the material due to internal reflections at the
layer interfaces. We find that in realistic and exaggerated
scenarios with regard to assumed layer thicknesses and/or
boundary layer properties, it is virtually impossible to model the
experimentally observed narrowing of only one PL edge
(Fig. S51). Rather, a spectral shift of the entire spectrum would
result from an increasing amount of self-absorption, which also
agrees with other literature reports.””*® From the absorption
data in range III we further observe that the absorption is
relatively low (OD < 0.01 at 1.67 eV), which is further in agree-
ment with the notion that a significant self-absorption effect in
time range III is absent.?”*”

However, it is noticeable that at the end of range III the PL
peak appears more symmetrical, compared to its spectral shape
at the beginning of range III. The difference spectrum calcu-
lated from the PL spectra at 9.1 s and 12.6 s (shaded area in
Fig. 3a middle panel) peaks at 1.68 eV. This matches with the
peak position of the first measured PL spectrum at 0 s. If we also
calculate the difference spectra between the PL spectrum at 9.1 s
and the other spectra in range III, they result in essentially the
same spectral shape with the peak position at 1.68 eV (Fig. S67).
It is important to note that this difference spectrum does not
shift to the red with increasing time. Rather, exactly the same
spectrum prevails at all times, yet its intensity reduces. Thus,
the spectral changes in range III can also be understood as
decreasing intensity of an additional higher energetic PL
feature, which finally disappears at the end of range III.

Given the spectral coincidence of the additional high-energy
PL feature with the PL in the early stages, it is reasonable to
attribute this feature to small crystallites where the exciton
wavefunction is still confined and thus the transition is blue-
shifted. Using eqn (1), the peak position of the difference PL at
1.68 eV would correspond to a crystal size of about 15 nm.

5090 | J Mater. Chem. A, 2020, 8, 5086-5094
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Range IV

The significant increase in absorption between 12.6 and 14.0 s
is the most noticeable spectral change in range IV (Fig. 2a). To
quantify this increase more precisely, it is advantageous to
calculate the derivative of the time-dependent OD at 1.665 €V,
which leads to a peak shape.®® By fitting a Gaussian to this peak,
we can quantify the transition time ¢ from the maximum. The
full width at half maximum (FWHM) gives information about
the width of the transition (Fig. 3e). We find ¢; = 13.3 s and
FWHM = 1.2 s.

The increase in absorption can be associated with an
increase in film thickness. To this end, we used the absorp-
tion coefficient of MAPDbI; from the literature® to convert the
time-dependent (offset-corrected) optical density from Fig. 2¢
in the energy range between 1.6 eV and 1.7 eV into a time-
dependent layer thickness, shown as black circles in Fig. 4
(see also Fig. S8 for detailst). The steep increase in the
absorption spectrum then corresponds to an increase of layer
thickness from about 50 nm at the beginning to about 500 nm
at the end of range IV. If we approximate this evolution by
a linear fit in the range between 13 and 14 s, this results in
a growth rate of 445 & 15 nm s~ (Fig. S97). Also indicated in
Fig. 4 is the film thickness that results from fitting the
interference pattern in range III using the refractive index of
isopropanol (orange diamonds), and the film thickness that is
obtained in the early stages from fitting the shift in the PL
spectra using eqn (1) (red squares).

Simultaneously with the steep increase in absorption, the
entire PL spectrum shifts from 1.63 eV to 1.60 eV (see Fig. 2c and
3a bottom). If we assume that this shift is due to self-absorption,
we can derive the associated film thickness that causes such an
absorption. We did this using a modelling approach that
considers multiple reflections and that is detailed in ref. 36. As
detailed in the ESI (Fig. S107), we start by using the PL spectrum
at 12.7 s, i.e. at the beginning of range IV, and consider the
intensity of MAPbI; absorption present in that moment to
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with confinement effects, green triangles: derived by associating the
PL shift with self-absorption of different thickness films.
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calculate the PL spectrum that would result in the absence of
self-absorption. The spectrum calculated in this way peaks at
1.63 eV, matching well with the measured PL spectrum after 1.4
s (end of range I), which confirms our approach. As the next
step, we calculated the layer thickness necessary to modify this
PL spectrum in such a way that it matches the measured PL
spectra at each time in range IV (Fig. S111). The thicknesses that
we obtain by this approach are indicated as green triangles in
Fig. 4. From the good agreement with the layer thicknesses
obtained from considering the OD we conclude that our
approach is correct, i.e. the shape of the PL spectra in range IV is
indeed the result of self-absorption from the increasing amount
of MAPbI,.

Range V

The last time range, starting from 14.0 s, is characterized by the
fact that there are no temporal changes in either absorption or
PL, ie. the film formation is complete. X-ray scattering results
reveal that after time range V no Pbl, exists in the film, sug-
gesting a full conversion to MAPbI; (Fig. S12f). The layer
thickness extracted using the absorption data is approximately
500 nm in range V, which matches well with the layer thickness
range from 400 to 800 nm determined using a profilometer
(Fig. 4). SEM images of a final film show a compact surface
coverage and grain sizes in the range from 50 to 300 nm
(Fig. S131). While the relative PLQY has decreased significantly,
the PL spectrum appears symmetric, suggesting that no addi-
tional PL signatures are present at the end of the processing.

3. Discussion

Having analyzed the spectral features in detail, we can now
proceed to derive a possible model for the successive film
formation. As before, we shall consider the different temporal
regimes one after another. The overall picture we suggest is
summarized in Fig. 5.

Range I

The analysis of the PL spectra suggested the initial formation of
small MAPbI; crystals with crystal sizes that confine the wave-
function below about 25 nm, immediately after applying the
MAI solution on the Pbl, layer. As suggested by the PL shift to

a) b) c)
MAI/IPA~__
MAPbI; —_
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lower energies, these crystallites grow fast with a growth rate of
11 nm s~ to sizes above about 25 nm in the course of range I
The good match of the calculated crystal sizes from the
confinement effect at the end of range I and the thickness
extracted from the first reliable absorption spectra in range II of
about 20 nm confirm our approach.

Fu et al. reported the initial formation of a MAPbI; capping
layer when dipping Pbl, layers into MAI/IPA solution, for
concentrations above 10 mg ml *.** The formation of this
capping layer was also found to happen faster for higher
concentrations, while the average grain size decreases.'>"?
The MAI concentration of 40 mg m1™" used in our study is well
above 10 mg ml ™', so we associate the initial occurrence of PL
and its rapid shift to lower energies with the spectroscopic
signatures of the initial formation of MAPbI; crystallites that
grow within range I so as to form a capping layer. This is also
in agreement with the results from Schlipf et al. who inves-
tigated the MAPbI; two-step conversion process with time-
resolved scattering methods and found a laterally confined
crystal growth at the beginning of the crystallization.*® Ko
et al. reported that the growth rate of the MAPbI; nuclei is
independent of the MAI concentration, investigating a range
between 4 and 8 mg ml~'.** Their results on the evolution of
grain size suggest a growth rate in the range between 10 and
20 nm s~ ', which agrees very well with the value of 11 nm s~
that we find in range I using a concentration of 40 mg ml™".
This suggests that the growth rate of MAPbI; nuclei in the two-
step process under ambient conditions remains mostly
unchanged over at least an order of magnitude of MAI
concentration.

The asymmetric shape of the PL spectrum at the end of range
I indicates that after the initial MAPDbI; crystallization, crystal-
lites exist with grain sizes below the confinement limit, ie.
below about 25 nm. Ahn et al. derived a direct correlation
between the MAI concentration and the resulting MAPDbI; grain
size in the case of the two-step method.">*! In this framework,
a MAI concentration of 40 mg m1~" (0.25 M) as used in our study
corresponds to an average grain size of approximately 50 nm
(Fig. S14t), i.e. only slightly higher than the typical confinement
limit of MAPDI;.>**® As the grains in polycrystalline perovskite
thin films typically exhibit a size distribution, it appears
reasonable that a certain fraction of the grains are below 50 nm,
so a confinement effect follows.

d) e)

S e O w L |

Substrate™

Range | Range Il

Range lll

Range IV Range V

v

spin coating time

Fig. 5 (a) Range I: the formation of a MAPbIs capping layer. (b) Range II: further concentration of the MAI solution above the capping layer

through evaporation in the course of several seconds, while the capping layer prevents further MAPbIs crystallization. (c) Range IlI: the iodine
concentration increases because of the solvent evaporation and leads to the beginning of the dissolution of the MAPbIs capping layer. (d) Range
IV: the fast dissolution—recrystallization process, when most of the MAPbIs forms. (e) Range V: all of the Pbl, is transferred into MAPbls and
a stable state is reached.
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Range II

After the formation of the initial capping layer, the lack of
evolution in the spectra suggests that the morphology of the
buried Pbl, and of the MAPbI; capping layer formed in the
initial period remains highly stable in time range II. This is
consistent with reports where the capping layer was found to be
very dense due to the higher density of PbI, compared to
MAPbDL;.** As a consequence, this has been shown to prevent
MAI diffusion to the underlying Pbl, and thus suppresses
further MAPbI; crystallization.*

Range III

The formation of a dense MAPbI; capping layer in time range II
obviously raises the question how the MAPbI; crystallization is
to then proceed eventually. Here a key observation is that in
time range III, the high-energy PL tail reduces with time.
Importantly, this did not occur by a gradual red-shift of the blue
tail, but by a gradual reduction of the PL spectrum that is
associated with small crystallites of about 15 nm and below. The
disappearance of these smaller crystallites suggests a dissolu-
tion process, similar to that observed when dipping Pbl, layers
in MAI solution."™* Such a so-called “dissolution-recrystalli-
zation process” or “solid-liquid recrystallization” is described
by the reaction

dissolution

CH3NH3PbI; (S) + 17(501) CH3NH3+(SOI)

recystallization

+ PbI,* (sol) (3)

In this reaction, the balance is shifted to the right side and
the formation of Pbl,>~ complexes becomes more likely when
the MAI concentration is sufficiently high. This explains why the
process only sets in after a certain time - in our case after 9 s -
when sufficient solvent has evaporated. The generated Pbl,>~
complexes are known to dissolve existing MAPDI;, e.g. the
capping layer, so that the underlying PbI, becomes accessible
for the further MAPbI; crystallization. The dissolution process
is considered to start preferably at the grain boundaries and
smallest grains,*'** and has also been suggested to take place
in the case of two-step processing by spin coating.** Conse-
quently, we associate our observed disappearance of the small
crystallites with their dissolution in the framework of the
dissolution-recrystallization process that sets in during time
range III. Even though the smaller MAPbI; crystallites dissolve,
we do not observe a reduction of absorption, but even a slight
increase of the MAPbI; thickness from 25 to 50 nm within range
III. This suggests that parallel to the dissolution of the smaller
crystallites, the underlying PbI, reacts with MAI to form more
MAPDI; which overcompensates for the loss from the dissolu-
tion process. Obviously, the newly formed MAPbI; does not
occupy the space of the just-dissolved MAPbI;, but rather the
deposits are added to the existing larger MAPbI; crystallites,
similar to an Ostwald ripening process.

The occurrence of thin film interference in the absorption
spectra in range III is consistent with the notion of a dissolu-
tion-recrystallization process. It is conceivable that the
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View Article Online

Paper

interference stems from the MAI/IPA solution layer, possibly
influenced by a deterioration of the layer coverage due to the
dissolution process. However, it is not clear to what extent the
PbL,>” interacts with the MAI/IPA solution, from which
a change in refractive index might occur. In such a case, we
expect an increase in the refractive index of the solution layer, as
lead halide systems typically exhibit a higher refractive index
compared to IPA. Thus, the layer thickness obtained based on
the refractive index values of IPA in Fig. 4 represents an upper
limit. More detailed investigations are needed to fully address
this aspect in the future.

Ranges IV and V

Further solvent evaporation rapidly increases the local MAI
concentration and thus further accelerates the solid solution
recrystallization process in time range IV. The steep increase of
absorption suggests that the equilibrium in eqn (3) shifts
significantly towards the recrystallization process. The time
scale for the main dissolution-recrystallization process of 1.2 s
that we obtained from Fig. 3e is significantly shorter than the
typical time scales for this process in the case of dipping Pbl, in
MAI/IPA solution.® Similarly, the growth rate of 445 + 15 nm s~ "
for the recrystallization process in range IV is much higher than
the growth rate of the MAPbI; capping layer in range I. This
could also explain the significant decrease of the PLQY within
range IV, where the fast recrystallization leads to an increased
defect density and thus to a more pronounced non-radiative PL
decay. The grain sizes of a final film exceed 50 nm as deter-
mined by SEM (Fig. S13+t). This agrees well with the symmetric
shape of the PL spectrum and indicates that no more grains
with sizes below 25 nm are present. The spectral position of the
PL also matches with the expected bulk spectrum when
accounting for self-absorption.

4. Summary and conclusion

Overall, we have monitored the complete two-step film forma-
tion process of MAPbI; by spin coating using optical spectros-
copy. By analyzing the changes in the absorption and
photoluminescence spectra, we could identify and quantify
different steps in the film formation process. We found that
film formation takes place in five consecutive steps, which are
as follows: (I) the initial formation of a MAPbI; capping layer,
(I1) further concentration of the MAI solution above the capping
layer through evaporation in the course of several seconds,
while the capping layer prevents further MAPDI; crystallization,
(II1) the beginning of the dissolution of the MAPbI; capping
layer due to the increased iodine concentration in the course of
progressing solvent evaporation, (IV) a rapid main dissolution-
recrystallization process, during which most of the MAPbI;
crystallizes, and (V) the final, fully converted, temporally stable
state. Consideration of confinement and self-absorption effects
in the PL spectra, together with consideration of the corre-
sponding absorption spectra made it possible to quantify the
growth rate of the initial interface crystallization, which was

found to be 11 nm s !, and the main dissolution-
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recrystallization process happens at a rate of 445 nm s~ ' under
our experimental conditions. While the rate for the initial
interface crystallization is comparable with results from the
two-step method via dipping, the growth rate of the dissolution-
recrystallization process is significantly higher. This is attrib-
uted to the high MAI concentration at the end of the solvent
evaporation process. Since most of the MAPbI; forms in this
short time span (range IV), our results demonstrate the
importance of controlling the dissolution-recrystallization
process during spin-coating, e.g. by controlling the solvent
evaporation rate.

We note that the film formation dynamics, ie. extent and
timing of the interface crystallization and the dissolution—
recrystallization process, depend on the morphology of the Pbl,
layer, which for example can differ significantly when processed
on either a mesoscopic or a planar TiO, underlying layer.* Also,
for other two-step processing approaches, solvated states can
occur which also impact the reaction pathways and crystalliza-
tion kinetics.*>

Our work also demonstrates how the film formation process
of halide perovskites can be investigated with the help of
technically easily accessible in situ optical spectroscopy and its
analysis. This approach can be easily applied to other, more
complex perovskite material systems with mixed halide and/or
A-site-cations and processing methods in the future. Our work
will therefore help to better understand and optimize the film
formation process of halide perovskites in general.

5. Experimental section

Materials and thin film processing

Lead iodide (Pbl,) beads, N,N-dimethylformamide (DMF), and
isopropanol (IPA) were purchased from Sigma Aldrich
company. Methylammonium iodide (MAI) was purchased from
Dyesol company. 461 mg ml~' (1 M) Pbl, was dissolved in
dimethylformamide (DMF) and heated at 75 °C overnight. 40 pL
PbI, solvent was spin coated on a glass substrate in a N, glo-
vebox at 3000 rpm min~" for 50 s, followed by annealing at 100
°C for 5 min. After that, the Pbl, film was moved to an ambient
atmosphere with a humidity of ~50%. MAI solvent was
prepared in IPA at a concentration of 40 mg ml™" (0.25 M). The
PbI, film was placed in a homemade spin coater. 200 pL MAI
solvent was dropped on the Pbl, film and immediately spin

coated at 1200 rpm min .

In situ optical spectroscopy

For transmission measurements, a white LED is placed below
the rotating chuck, with a bore along the rotation axis of the
chuck allowing transmission of white light through the inves-
tigated layer and its collection via an optical fiber which guides
the transmitted light into the detection system. For PL
measurements, a diode laser (excitation wavelength: 520 nm)
excites the sample area at a shallow angle with a laser power
density of ~75 mW cm 2. Use of this laser power density allows
estimation of the change in local temperature due to laser
heating, which is found to be approximately 0.5 °C (see the ESI
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for detailst). The resulting PL is collected via the same optical
fiber used for the transmission measurement.
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S1: Additional OD and PL spectra
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Figure S1: (a) Optical Density of the neat Pbl; layer. (b) 2D map of the temporal evolution of the
PL spectrum with absolute measured intensities as indicated with colors. (c) 2D map of the
temporal evolution of the measured Optical Density with intensities as indicated with colors. As

a reference spectrum lp, the transmission through a blank quartz substrate was used.
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S2: Fitting of hyperbolic secant to measured PL in range |
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Figure S2: Normalized PL at t = 1.4 s (black) and a fit using a hyperbolic secant, demonstrating the
asymmetry of the measured PL line shape, plotted on a (a) linear intensity scale and (b) log

intensity scale.

S3: Calculation of MAPDI; crystal size from the PL spectra in range | using confinement approach:
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Figure S3: (a) Correlation between PL Peak energy E and crystal size d as proposed by Parrot et

al,'E =E, + % with E;=1.63 eV and different b values of 1 eVnm? (dashed blue), 3 eVnm? (solid
black) and 5 eVnm? (dashed purple). The curves for b=1 eVnm? and b=5 eVnm? were used to
calculate the crystal size error. (b) Evolution of crystal size (red dots) within the first 4 seconds of
processing, where the crystal size is calculated on the basis of the black line in (a). The initial

growth rate was quantified using a linear fit in the time range up to 1.0 s (black line) where a slope

of 11+2 nm/s is obtained.
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S4: Extracted absorption edge of PL in range lll

The optical density of the absorption edge was extracted by OD = —lo (%), where
PLinitiqr isthe PLat t = 9.1 s and PLg;p,; is the PLat t = 12.6 s scaled to the red falling edge of
PLinitiai- Note that this scaling procedure does not alter the spectral shape of the obtained

absorption, but only shifts it up in OD to avoid negative ODs.
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Figure S4: (a) PL at t = 12.6 s (red) scaled to the lower energy edge of the PL at t = 9.1 s (black)
together with the calculated optical density if the spectral change was due to self-absorption
(blue line) and the measured absorption edges determined by the measured optical density
(green) att=12.6s, (b) Normalized calculated (blue) and measured (green) optical density at t =

12.6 s, from which the deviations in both shape and energetic position become clear.
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S5: Effect of self-absorption in range lli
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Figure S5: Normalized measured PLatt=9.1 s (black) and t = 12.6 s (grey), together with modeled
PL considering self-absorption and internal reflections, assuming the PLat t = 9.1 s to correspond
to the intrinsic Pl spectrum. The significant mismatch between the modeled PL and the

experimental one at 12.6 s demonstrates that the observed spectral change are not due to self-

absorption effects.

S6: Difference PL spectra in range Il
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Figure S6: Normalized difference spectra between the PL spectrum at 9.1 s and the later spectra

(times as indicated) in range Il
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S7: Thickness Calculation from Absorption Interference at range Ill

Interference fringes in the measured absorption spectra were observed at the end of range lll, as
shown in Figure S7a t; = 11.6 s (red curve). Based on the appearance of this interference fringes,

we can estimate the thickness of the sample, from the following equation:% 3

A 11 2
2(). 1n2—l 277.1)

d = (S1)

d: thickness of the sample;
A1 and A;: the wavelength at two adjacent maximum or minimum intensity;

ni1 and ny: the sample refractive index at A; and A,.

To quantify the value of A1 and A,, we use the normalized absorption e.g. att, =11.6 s and subtract
the absorption spectrum at t; = 9.1s (without interference) and obtain the blue curve in
Figure S7a. The refractive index has been taken from Leguy et al., Sani et al. and Riccardo et al.
for CH3NHsPbls, isopropanol and Pbl, respectively.*® In the range between 550 — 750nm, the
refractive indexes of these three materials are, 2.4~2.5 (CH3NHsPbls), 1.3~1.4 (isopropanol) and

3.1~3.2 (Pbl;). Depending on the chosen parameters the calculated thicknesses from Equation S1

differ (Figure S7b)
a) b)
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Figure S7: (a) Normalized absorption spectra at 9.1 s (black) and 11.6 s (red). The blue curve
indicates the difference of absorption at t; and its original absorption at t1 and was used to extract
A1 and A; (b) The calculated thickness from the interference fringes using the refractive index of

isopropanol (yellow dots), MAPbIs (grey squares) and Pbl;, (green triangles).
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S8: Estimation of MAPbI; thickness from absorption data

From Lambert-Beer law,
[= [,e@
Iy: Incident intensity;
I: Transmittance intensity;
a: Absorption coefficient;

d: Film thickness.

Then we can obtain the thickness from the following equation:

a=2303 (%)

OD: Optical density.

(S2)

(S3)

The absorption coefficient is extracted from literature,’” as illustrated in Figure S8a. Figure S8b

shows comparison of experimental absorption spectra and calculated absorption with thickness

and absorption coefficient plotted in Figure 4 in the main text.
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Figure S8: (a) Absorption coefficient of perovskite film used for thickness calculation,” (b)

Experimental absorption spectra at different time (Symbol) and the corresponding calculated

spectrum from absorption coefficient and thickness (lines).
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S9: Calculation of growth rate in range IV
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Figure S9: Linear fit to MAPbIs layer thickness in range IV to estimate the MAPbI; growth rate

from resulting slope, where we find a value in the range of 44515 nm/s.

$10: Estimation of MAPbI; thickness from the PL spectra in range IV
As outlined in our previous work,® for a given intrinsic PL, the detectable PL after internal

reflections and self-absorption can be expressed as
PLdetected(E) =C- PLdirect(E) + PLfiltered (E) (54)

PLgirect(E) and PLgjjtereq (E) can be calculated according to the Beer-Lambert law,

PLairect(E) = [y PLint(E) - n(x)? - (1 —17) - exp[—a(E) - x] dx (S5)

PLfyterea(E) = fOL Yjz1 PLint(E) -n(x)? - (1 —15) - {A; + B;} dx (S6)

with 4; = 1}j : rbj -exp[—a(E) - (2jL + x)] considering the part of the PL that propagates from
the site of generation, x; , towards the front surface, and propagation towards the back surface
is considered by B; = rfj_l . rbj cexp[—a(E) - ((2j—1)-L+ (L—x))]. Here, a(E) denotes
the absorption coefficient of the material, 7 and 1, are the reflection probabilities at the front

and back interface, respectively, n(x) is the charge carrier density and L denotes the layer
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thickness. C is a suppression constant, which accounts for a mismatch of excitation and detection
spot, where C = 1 means no suppression and C = 0 full suppression of the direct PL.
As the PL at the beginning of range IV is already affected by self-absorption, the intrinsic PL must

be extracted by solving Equations S4-S6 for the intrinsic PL, PL;,,;(E), which yields

PLint(E) = PLgetectea (E)

L S
. J ln(x)2 (1 —15) - exp[—a(E) - x] 57)
0

-1

+ z:n(x)2 “(1—7)-{4;+B;}|dx
j=1
with L being the thickness of the MAPDbI3 layer at the beginning of region 1V, as determined by the

absorption data. The calculated intrinsic PL is shown in Figure S10. Using this intrinsic PL, the
thickness of the MAPbI; layer at any time is obtained by a least-squares-fit of Equation S4,

normalized, to the normalized experimental PL spectra, for a given parameter set with L being

optimized.
1 v 1 v 1 v 1
1.0 —12.7s _
——5:1, iso/Pbl
£
g 0.5
—
o

0.0

1.4 1.5 1.6 1.7 1.8 1.9
Energy (eV)

Figure S10: PL at 12.7 s and calculated intrinsic PL for an assumed layer thickness of 50 nm by
inversely applying our model for calculating PL affected by self-absorption and internal reflections.

The calculated intrinsic PL is then used for the estimation of the layer thickness for the following

time steps.
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n(x) is approximated identical to the charge carrier density after laser excitation. By this, the
model neglects charge carrier diffusion. In the case of thin layers, where the optical path length
of the internally reflected light is on a similar length scale as the diffusion length of charge carriers,
this is likely to affect the quantitative results of our model.

The reflection probabilities at the interfaces were estimated by calculating the angle-dependent
reflection coefficients according to the Fresnel equations and then averaged over all possible
incident angles. With refractive indices in the relevant energy range of 2.5 for MAPbls* °, about
1.45 for glass®?, 1.38 for isopropanol®, about 2.5 for Pbl,® and 1 for air, one obtains reflection
probabilities of 0.85 for the interface MAPbIz-air, 0.7 for MAPbls-glass, 0.71 for MAPbIs-
isopropanol and about O for MAPbIs-Pbl,. Except for the case of MAPbIs-Pbl,, reflections at other
interfaces are neglected for simplicity, but would lead to an increase of the overall “effective”
reflection probability. Since MAPbIs and Pbl, are nearly index-matched, we consider instead the
Pbl,-glass interface with the same reflection probability as the MAPbIsz-glass interface.

Figure S11a shows the obtained thicknesses for different interfaces (glass-perovskite-air (g-a) and
glass-(Pbl,-) perovskite-isopropanol (g-i)) and suppression constants C, together with the one
obtained from the absorption measurements. All thicknesses obtained from the modelling agree
well with the ones obtained from absorption. Best agreement is obtained for Pbl, and isopropanol
as surrounding media and a suppression constant of 0.3 (g-i, 0.3; blue triangles), while all other
parameter sets yield slightly lower thicknesses. However, comparing the resulting modelled PL
spectra (Figure S11c-f) with the experimental ones (Figure S11b) reveals that the PL from (g-i, 0.3)
(Figure S11le) agrees worst with the experimental data, especially considering the temporal
evolution of the high energy falling edge. Second best agreement considering the thicknesses is
obtained with (g-i, 0.2), where also the modelled PL spectra (Figure S11f) match the experimental
ones nicely. A very similar result is obtained with (g-a, 0.3), and (g-a, 0.2) yields again slightly
smaller thicknesses.

To capture the temporal evolution of the thickness more accurately by our model, it would
probably be necessary to consider a transition of the interfaces, starting from Pbl, and
isopropanol and ending with glass and air as surrounding media. Since we have no indication on

when and how this transition happens, we can not examine this scenario closer.
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However, we want to stress that even with the simple model discussed above, good agreement
between the thickness from the PL modelling and the one from absorption measurements could
be obtained. Further, this clearly demonstrates that the observed red-shift of the PL in range IV
is due to self-absorption, and represents a good example of the magnitude of self-absorption,

despite excitation and detection being on the same side of the thin film.
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Figure S11: (a) MAPDblIs layer thickness obtained from absorption measurements (black squares)
together with the ones from optical modelling considering internal reflections and self-absorption.

(b) Experimental PL spectra in range IV. (c-f) Modelled PL spectra considering internal reflections
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and self-absorption for different surrounding media (that is glass and air (g-a), or glass and

isopropanol (g-i)) and different suppression constants of 0.3 and 0.2.

S11: XRD measurements of the sample

10 15 20 25 30 35 40

a) ‘ ‘ ‘ ‘ Pbl, pattern
| I | I‘ | | | I |

b) H ‘ Pbl, layer
‘ - v, N
c) ’ ‘ ‘ ‘ | After MAI spin coating

d) J ‘ ‘ ‘ | Thermal annealed
MAPbDI, pattern

10 15 20 25 30 35 40
2theta

Figure S12: XRD pattern of (a) Pbl, and (e) MAPbIz obtained from references.' 12 XRD spectra of
(b) Pbl, layer on glass substrate, (c) with MAI solvent spin coated on the Pbl, layer and (d) the

MAI + Pbl; film after 45min thermal annealing.
Figure S12c shows that the formation of perovskite after the spin coating of MAI solvent. The
peak 2theta = 11.4° suggests the existence of dihydrate (MA)4Pble-:2H20.% 13 while any sign of

remaining educt phase e.g. Pbl, is absent. After thermal annealing, the signal from the dihydrate

completely vanishes (Figure S12d).
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$12: Estimation of average grain size of MAPbI; from SEM and theoretical model

Figure S13: SEM images of the prepared film after spin coating. It yields compacted perovskite

crystals. The size of the grains is between 50 nm-300 nm.

Theoretical model:

Ahn et al. derived the interaction formula to correlate grain size (Y) with MAI concentration (X)

used in two step processing given as:4

1.22

InY = a;}:ﬁ;534'3373 (58)

Here, C = 0.02 M MAI solution has been taken as equilibrium concentration by assuming that
0.02 M MAI solution could not react with Pbl; films at room temperature. Using these conditions,
grain size expressed as:

Y = exp(1.22/((In(X) — In(0.02))?) + 3.73) (S9)

1000

Grain size (nm)

100+

0.0 0.1 0.2 0.3 0.4 0.5
MAI concentration (M)

Figure S14: Average grain size of MAPbIs as a function of MAI concentration based on the model

presented by Ahn et al.!* The calculated grain size for 0.25 M (40 mg/ml) concentration (used for

this study) is about 50 nm.
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$13: Estimation of local heating due to laser excitation
The temperature change of the excitation spot during laser light illumination is generally

determined by the heat delivered Q, divided by the heat capacity C of the material, thus AT =

. A . .
Q/C. The delivered heat by the laser per time % is proportional to the laser fluence

E, multiplied by the area of the excitation spot A, .. However, one has to consider that not all
the laser light is absorbed. For the excitation wavelength of 520 nm, we observed a maximal
optical density of 1 for the perovskite samples, thus 90 % of the laser light is absorbed, neglecting
reflection, which would reduce the amount of absorbed light further. Additionally, not all of the
absorbed energy is transformed into heat. One part of heat is provided by thermal relaxation of

the carriers from their initial energy to the energy of the band gap, which gives a fraction of

AE _ 238eV-163eV
Ephoton 2.38 eV

= 0.315. The relaxed charge carriers can then either recombine

radiatively or non-radiatively, producing heat. Assuming a PLQY of 0.1, corresponds to a fraction

1.63 eV -0.9

of non-radiative decay of 90%, so that we get another fraction of -

= 0.616. Thusin sum,

a fraction of f = 0.931 of the irradiated energy is transformed to heat.
Since the sample is illuminated continuously during one frame (approx. 0.045 s) and the heat is
not delivered instantly, one has to consider the cooling of the heated spot by thermal transport

through the substrate to the spin coater. This is given by the heat equation:

2224 (510)
where A is the thermal conductivity, AT is the temperature of the bath minus the temperature of
the excitation spot, A is the area normal to the heat flow, and [ is the length over which the
dissipation takes place. Since the spot size is large compared to the thickness of the perovskite
layer, lateral heat transport can be neglected and A = Agy ;-

In thermal equilibrium, the decrease of heat by thermal transport is equal to the increase of heat

by laser irradiation,

AQges AAT
A_gt = TAspot +E.-f- Aspot =0 (511)

Rearranging this equation for AT gives

—AT = ET“ (512)
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Considering the spin coater as a thermal bath with a constant temperature of 300 K, the heat

transport takes place over the thickness of the substrate, that is ] = 1 mm. The thermal
conductivity of fused silica, which transports the heat, isA = 1.5 %.15 The fluence of the laser

was determined to be E, = 75 mW /cm?. Inserting this into equation S12, gives a heating of the

sample of |AT| = 0.5 K upon laser exposure.
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Understanding Differences in the Crystallization Kinetics
between One-Step Slot-Die Coating and Spin Coating of
MAPDI; Using Multimodal In Situ Optical Spectroscopy

Konstantin Schétz, Christopher Greve, Arjan Langen, Harrie Gorter, Ilker Dogan,
Yulia Galagan, Albert J. J. M. van Breemen, Gerwin H. Gelinck, Eva M. Herzig,

and Fabian Panzer*

To develop a detailed understanding about halide perovskite processing from
solution, the crystallization processes are investigated during spin coating
and slot-die coating of MAPbI; at different evaporation rates by simultaneous
in situ photoluminescence, light scattering, and absorption measurements.
Based on the time evolution of the optical parameters it is found that for both
processing methods initially solvent-complex-structures form, followed by
perovskite crystallization. The latter proceeds in two stages for spin coating,
while for slot-die coating only one perovskite crystallization phase occurs.

For both processing methods, it is found that with increasing evaporation
rates, the crystallization kinetics of the solvent-complex structure and the
perovskite crystallization remain constant on a relative time scale, whereas

the duration of the second perovskite crystallization in spin coating increases.

This second perovskite crystallization appears restricted due to differences
in solvent-complex phase morphologies from which the perovskite forms.
The work emphasizes the importance of the exact precursor state properties
on the perovskite formation. It further demonstrates that detailed analyses
of multimodal optical in situ spectroscopy allows gaining a fundamental
understanding of the crystallization processes that take place during solution
processing of halide perovskites, independent from the specific processing
method.

1. Introduction

Since the first reports on metal halide
perovskites applied as absorber material in
perovskite solar cells (PSCs), the efficiency
of the latter has increased rapidly and is
now at 25.5%.07 However, most highly
efficient PSCs are processed on mil-
limeter lab-scale dimensions using spin
coating.> To process perovskite layers
from solution on a larger scale, methods
such as slot-die coating are relevant. With
slot-die coating, however, efficiencies
of larger-scale PSCs are typically lower
than their spin-coated counterparts.[®71]
The main reason for this processing-
dependent efficiency gap is seen in dif-
ferences in the final layer properties that
follow from the high complexity of the
perovskite film evolution.® 112

Thus, numerous works investigated the
perovskite formation process using in situ
characterization methods.[%3-18 Besides
scattering techniques,*Y also optical
spectroscopy,?>%8 with, e.g., absorption
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and photoluminescence (PL) being measured in parallel during
processing of halide perovskites from solution, or even combi-
nations of scattering and optical spectroscopy,??3% allowed to
gain insights into the perovskite formation process.

Based on these studies, different structural dynamics, such
as the formation of intermediate phases were observed during
the early stages of solution processing, i.e., before the actual
perovskite crystallization.?” In the case of coating the halide
perovskite methylammonium lead iodide (MAPDI;) from
dimethylformamide (DMF) solution, the intermediate phase
was associated with solvent-complex structures of the form
(MA),(DMF),Pb,1.22 These lead to needle-like structures in the
final film,[®32] since the perovskite crystallization emanates from
the complex structures retaining the needle-like morphology.

The needle-like solvent-complex morphology often results in
an incomplete film coverage, detrimental for device efficiency.!!
Thus in the past, strategies were developed to prevent the for-
mation of needle structures during perovskite processing, real-
ized by introducing additional processing steps, such as solu-
tion engineering approaches or heating steps.**-3¢ However, the
implementation of such additional processing steps are often
laborsome to realize, especially in industry-relevant approaches
such as role-to-role slot-die coating.””) Thus, ensuring a suc-
cessful transfer of one-step solution processing of halide perov-
skites from spin coating to slot-die coating currently is a highly
desired, yet not fully realized goal in the field.[3

To better control the crystallization processes and hence
the subsequent film morphology across different processing
methods, two aspects are crucial to address: First, we need
to understand better how the crystallization of the solvent-
complex structures is influenced by changes of the drying
conditions, and secondly, how the subsequent perovskite crys-
tallization kinetics are affected by differences in the solvent-
complex structures.

In this work, we compare the crystallization kinetics that occurs
during the processing of MAPbI; from DMF precursor solution
via spin coating and slot-die coating. To change the crystallization
kinetics, we systematically control the solvent drying conditions
in both methods by changing the spin speed during spin coating
and by changing the airflow above the wet film during slot-die
coating using an air knife. To monitor the crystallization pro-
cesses, we use multimodal in situ spectroscopy measuring in par-
allel absorption, PL, and light scattering during solvent-complex
and subsequent perovskite formation. While absorption and PL
give information on the formation of the perovskite, monitoring
the evolution of scattered light enables quantifying the crystal-
lization kinetics of optically inactive solvent-complex structures.
This allows us to reveal that the crystallization mechanism of the
complex structures appears to be independent of the processing
method, whereas differences in the kinetics of the subsequent
perovskite crystallization exist. In contrast to the case of slot-die
coating, during spin coating we observe a second perovskite crys-
tallization process, which is restricted due to higher polycrystal-
linity of the complex structures.

2. Results and Discussion

To monitor the optical properties in situ during MAPDI;
processing from solution, we used the setup described by
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www.advopticalmat.de

Buchhorn et al.3 In brief, a white light LED is located below
the substrate on which the perovskite precursor solution is pro-
cessed. An optical fiber above the substrate detects the white
light transmitted through the substrate and the material during
processing. From this transmission spectrum, together with the
transmission spectrum through a blank substrate (e.g., meas-
ured before the processing), the optical density (OD) is calcu-
lated.l*) However, not only the absorption of the perovskite will
contribute to the OD, but also the scattering of the white light
at scattering centers in the investigated sample. To differentiate
between the two effects, we use an additional LED, emitting at
2.5 eV (490 nm) placed above the substrate.’% This allows to
better distinguish between absorption and scattering effects,
as more scattering leads to an increase, while more absorption
leads to a decrease of the detected scattering signal. In the fol-
lowing, we refer to this additional LED as “scatter-LED.” PL is
excited with a laser placed above the substrate and detected by
the same optical fiber. A detailed description of the setup and
optical detection system can be found in Figure S1 in the Sup-
porting Information.

2.1. Spin Coating of MAPbI;

We processed MAPbI; thin films by one-step spin-coating
a DMF precursor solution with a concentration of 0.7 M at
eight different spin coating rotation speeds between 500 and
2000 rpm at ambient conditions (room temperature (RT),
50%-60% relative humidity). For example, Figure 1 shows the
evolution of PL, scatter-LED signal, and OD within the first
125 s of spin coating at 2000 rpm (see Figure S2, Supporting
Information for other spin speeds). For the different optical
properties, heat maps (bottom panel) together with spectra at
selected times (top panel) after the start of spinning (corre-
sponding to ¢t = 0) are shown. While any PL is absent within
the first 20 s (Figure 1a), a constant intensity of scattered LED
light is present (Figure 1b), which we attribute to (time-invar-
iant) light scattering at the chuck below the substrate and at
the interfaces of substrate-solution and solution-air. Within this
first time range, the OD spectra (Figure 1c) exhibit a wavelike
modulation around zero intensity, where the periodicity of the
modulation increases with spin coating time. This modulation
is due to thin-film interference.**!l From the periodicity of the
modulation, together with the refractive index in which the
interference occurs, the layer thickness can be calculated. By
doing so, we find that the layer thickness of the solution drops
to about 1 pm within the first 20 s of spin-coating (Figure S3,
Supporting Information).

Up to 30 s no PL is observed (Figure 1la), whereas the
detected intensity of the scatter-LED doubles within 5 from 22 s
onward (Figure 1b). Concomitantly, the OD at 1.55 eV increases
from 0.0 to about 0.2, while the OD spectrum is nearly flat
(Figure 1c). The increase in OD and I,y Suggests the forma-
tion of structures at which the light from the white LED and
the light from the scatter-LED are scattered. Due to the absence
of any PL signature and absorption edge in the OD spectrum,
we exclude the formation of MAPDI; to cause the increase in
OD and I e Instead, we associate the appearance of the scat-
tering centers with the formation of solvent-complex structures
of the form (MA),(DMF),Pb,l,, as they were observed to occur
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Figure 1. Spectra (top) and heat maps (bottom) of a) photoluminescence (PL), b) light scattering, and c) optical density (OD) measurement during

the spin coating of a MAPbI; film at 2000 rpm.

during one-step processing of MAPDI; from DMF,[6:32:40421 and
call the time of their onset fycomplex- The light scattering from
the solvent-complex structures results in a spectrally constant
lift of the OD from o ompiex ONWard (Figure S4, Supporting
Information), suggesting that at this stage, the solvent-complex
structures already exhibit sizes larger than the wavelength A of
the scatter-LED, i.e., >0.5 um.*

After 32 s, a broad, asymmetric PL peak appears at about
1.7 eV, where the high-energy edge is flatter than the low-
energy edge (Figure 1a). The PL peak, which is associated with
MAPDI; nuclei,® then shifts quickly to lower energies and
becomes narrower. Almost simultaneously to the rise of the
MAPDI; PL, the detected intensity of the scattered LED light
starts to decrease by about 30% of its maximum value within
5 s (Figure 1b), indicating the reduction of scattering species
within the system. Between 30 and 40 s, the OD remains essen-
tially unchanged except for a slight increase in OD intensity
above =2.0 eV (Figure 1c).

For t > 40 s, the intensity of the PL increases, the peak
width decreases, and the PL peak position shifts to lower ener-
gies, reaching =1.62 eV at the end of the spin-coating process
(Figure 1a). In this latter time range, the intensity of the scatter-
LED signal continues to decrease, yet more slowly compared to
the decrease between 30 and 35 s (Figure 1b). The PL increase
and the decrease of the scatter-LED indicate a transition of com-
plex phase to MAPbI;.

In the OD spectra, the signature of the MAPDI; absorp-
tion edge appears in the form of an increase above 1.6 eV
from about 40 s onward (Figure 1c).*** The absorption edge
becomes more intense toward the end of spin coating. Above
the MAPDI; absorption edge the OD is flat compared to the
expected absorption coefficient of MAPDI3,®) suggesting that
the film is not fully covered by perovskites.3] In brief, a par-
tial coverage of the substrate allows a certain fraction of the
impinging light to pass the sample without being absorbed by
the perovskite. Thus, a partial film coverage results in a certain
minimum intensity of the transmitted light, which in turn sets
an upper limit for the detectable OD. When approaching this
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OD limit, the absorption spectrum becomes distorted and softly
clipped (i.e., flatter),*’] similar to an electrical signal in a triode
tube gain stage upon grid-current clipping.“%l

The observed changes of the optical spectra during spin
coating are indicative of a nucleation and growth behavior. To
access the crystallization kinetics of the complex phase and
perovskite phase in a quantitative manner, it is necessary to
extract the time evolution of different optical parameters, to
analyze them in detail thereafter.

Before explaining which optical parameters we consider and
how we extract them, we note that the evolution of the OD and
the scatter-LED signal over time extracted from the raw data
apparently exhibit a high degree of noise. Actually, the appar-
ently high noise levels result from an aliasing effect due to the
different frequencies of data acquisition and the rotating spin
coater chuck. Filtering the corresponding beat frequency from
the as-measured time traces significantly reduces the noise
level (Figure S5, Supporting Information), and we only con-
sider the filtered data for all further analysis.

To extract the time evolution of the PL peak position
(Figure 2a, solid line), we fit an asymmetric hyperbolic secant
to all detected perovskite PL spectra (see Figure S6, Supporting
Information for details). The PL fitting approach also allows
extracting the spectral positions where the PL has dropped to
1/e of the peak intensity on both sides of the peak-shaped PL
spectrum. This spectral region is indicated as shaded area in
Figure 2a, and with it, the evolution of peak asymmetry, as well
as reduction of the peak width can be accessed. We extract the
time evolution of the light scattering by considering the inte-
grated intensity of the scatter-LED signal (referred to as Iiager),
shown in Figure 2b. Furthermore, we extract the evolution
of the OD;g.y (Figure 2c), i.e., at a photon energy above the
typical MAPDI; bandgap energy of =1.6 eV. Accordingly, the
OD, gy contains contributions from perovskite absorption and
contributions due to the scattering effects within the sample.
To extract the contribution from pure perovskite absorption,
we calculate the difference between the OD at 1.8 eV and at
1.575 €V, i.e., AOD = OD;g.y — OD; 575,y (Figure 2d). Here we
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Figure 2. a—d) Time evolution of different optical parameters for spin coating with spin speeds of 2000 rpm (dark green), 800 rpm (green), and 500 rpm
(light green). a) PL peak position, with the grey shaded area indicating the spectral range where the PL intensity is above 1/e of the peak intensity.
b) Integrated intensity of the scatter-LED, I e ¢) OD at 1.8 eV. d) AOD, i.e., the difference of the OD at 1.8 and at 1.575 eV. Vertical dashed lines
indicate the onsets t, of the different crystallization processes for a spin speed of 2000 rpm. e—h) Analyses of the optical parameters for spin coating at
2000 rpm. e) Average crystallite size determined from the PL peak position using Equation (1). The shaded area indicates the sizes depending on the
value of parameter b in Equation (1). f) The derivative of I; e, g) The derivative of OD; goy and h) AOD together with fits (green lines) as described
in the main text. Dashed vertical lines indicate the critical times t. of the different crystallization processes.

assume that an increase in ODjy 5.y, i.€., at energy below the
MAPDI; bandgap, is caused exclusively by light scattering.
This approach is a valid approximation to the absorption of the
perovskite only since the scattering contribution in the OD is
only weakly energy dependent. Additionally, the influence of
this energy dependence on the AOD is minimized by choosing
the OD at energies which are close to each other.

From Figure 2a—d it becomes clear that for all spin speeds
the different optical parameters proceed in the same qualita-
tive fashion as a function of spin coating time, though they are
slower for decreasing spin speeds.

Next, we want to gain a more detailed understanding of the
various crystallization processes occurring during spin coating,
based on a detailed examination of the evolution of the optical
parameters with time. This will be carried out in the following
as an example for the case of 2000 rpm.

As already discussed in Figure 1, the formation of solvent-
complex phase is reflected in the initial increase of OD; g.y and
Lcatter Starting from to ompiex. After the initial increase, both
signals saturate, followed by a rapid decrease of I .y, onward.
This point in time we refer to as #( pero1- A decrease of Iyayer can
either result from a reduction of scattering structures or result
from increasing absorption at the wavelength of the scatter-
LED. The fact that OD;g.y increases during the decrease of
Iscater SPeaks against a reduction in scattering structures.
Rather, e.g., after 40.5 s, OD spectra exhibit a slight increase
toward higher photon energies, in contrast to the flat OD
spectra before £ yero1 (€.8, t = 30.2 s). This additional contribu-
tion to the OD spectra could stem from Rayleigh scattering at
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structures significantly smaller than the wavelength range of
the white light, as it would be the case for perovskite nuclei.
The initial perovskite nuclei are likely to exhibit a quantum
confinement effect, shifting the corresponding bandgap to
higher (e.g., > 1.8 eV) energies.”’ll Hence AOD calculated
based on OD, g.y might not capture the appearance of absorp-
tion from perovskite nuclei that only absorb at higher ener-
gies due to a quantum confinement effect. Considering
the temporal evolution of AOD calculated based on OD,,.y
(Figure S7, Supporting Information), indeed shows an increase
after topero1, Which is similar to the corresponding increase in
OD; g.y- Thus, we associate the decrease in Iy er to stem from
an increase in absorption due to the formation of nanosized
perovskite crystals.

A formation of nanosized perovskite crystals is further sup-
ported by the fact that the first perovskite PL that could be
detected shortly after 01 is at higher photon energies and
exhibits a flatter high-energy edge, compared to bulk PL spectra
of MAPDI; (Figure S8, Supporting Information). The broad-
ened PL in combination with the PL shift indicates that the
PL exhibits a quantum confinement effect due to a perovskite
crystal size below the corresponding quantum confinement
limit, which was found to be 20-30 nm for MAPDI,.¥->U This
is also in line with the formation of first nanosized perovskite
crystals starting from tg pero-

Finally, the beginning of a second perovskite formation
process is indicated by the significant increase in AOD, the
slower shift of PL peak position to lower photon energies, and
the slowing down of the decrease of Iy, all starting from
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toperoz- Thus, independent from the spin speed, we observe
the crystallization processes occurring during spin coating to
proceed in the order i) formation of solvent-complexes (in the
following referred to as “solvent-complex phase”), ii) formation
of nanoconfined perovskite grains (“pero; phase”), iii) second
perovskite formation process (“pero, phase”).

As a next step, we analyze the decrease of the PL peak posi-
tion (Figure 2a) in more detail. The perovskite PL exhibits a
nanoconfinement effect. In such a case, based on quantum
mechanical considerations, it was suggested that the PL peak
position Ep; depends on the average crystallite size d by

Epi(d)=E,+b/d’ (1)

where E, is the bulk PL position and b is a constant.’¥ We use
Equation (1) and calculate the evolution of the average MAPDI;
crystal size for the different spin speeds over time based on
the PL peak positions from Figure 2a. Since the parameter b is
reported to be in the range of 1-5 eV nm? for MAPDI; >3 we
use an average value of 3 eV nm?* and E, = 1.59 eV (Figure S8,
Supporting Information). Figure 2e exemplarily shows the time
evolution of the average crystal size calculated this way for spin
coating at 2000 rpm. We consider the average crystal sizes that
result when using 1 and 5 eV nm? in Equation (1) as upper
and lower error limits, respectively. The resulting error range
of average crystal sizes is indicated as the grey shaded area.
After about 32 s, the average perovskite crystal size d increases
fast from 4 to 6 nm within 6 s and then increases more slowly,
reaching 10 nm after 110 s. Using linear fits in the time range
of the fast (purple solid line) and slow increase (green solid
line) of d allows extraction of perovskite crystal growth rates of
0.32 and 0.06 nm s, respectively.

To interpret the average crystallite sizes and thus the growth
rates in a substantiated manner, one must also consider that in
general, the strongest contribution to the overall confinement
effect stems from the shortest length within a crystal.>¥ This
means that in crystal structures where only one length is below
the confinement limit, a quantum confinement effect still
occurs.P! Thus the growth of perovskite crystal size during the
pero, phase is not necessarily inhibited in all spatial directions,
but at least in one.

In general, self-absorption effects can have a significant
influence on the PL properties,*>*% where the PL peak is
shifted to lower energies and/or even additional PL features at
lower energies compared to the intrinsic PL can appear.[*0->>7]
If self-absorption was significant in our data, its impact would
become more significant with time, as more perovskite phase
is present in the sample. With time, the average crystal size
calculated according to Equation (1) would more and more
overestimate the actual crystal size and thus the corresponding
extracted growth rate. However, since in Figure 2a, the PL peak
position is always at significantly higher energies than the bulk
PL of MAPDI;, self-absorption appears to be negligible in our
data.

In Figure 2a—d we identified the onset-times of the solvent-
complex phase, pero; phase, and pero, phase. To quantify the
kinetics of the different crystallization processes in more detail,
we analyze the time evolution of the optical parameters shown
in Figure 2b—d.
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We follow an analysis approach that we used previously
to determine the kinetics of the recrystallization process of
MAPDI; during solution-based two-step processing.*) To this
end, we calculate the derivative of Iy, and OD; g .y With time
from Figure 2b,c. This results in peaks that occur at the times
of the different crystallization processes in the corresponding
dgcarrer/dt and dOD/dt diagrams. Using Gaussians, we fit these
peaks and associate the time of a peak maximum with the crit-
ical time t, and the width w = 20 with the duration of the indi-
vidual crystallization processes.

This analysis procedure is exemplified in Figure 2f,g for
the measurement at 2000 rpm. Due to the clear peak sig-
natures of the solvent-complex formation process in both
dIgcarer/dt (Figure 2f) and dOD/dt (Figure 2g), we can extract
te complex = 23.2 £ 0.4 s and width weompiex = 1.7 £ 0.6 5. The steep
decrease of Iuuer Observed from tg ey onward in Figure 2b,
manifests itself as a peak to negative values at £ per01 in Figure 2f.
This peak is significantly more intense than the corresponding
feature of the pero; phase in the dOD/dt graph (Figure 2g).
Thus a reliable quantification of both t_e,01 = 30.9 s and the
corresponding Wpero; = 3.1 s is possible from dIyer/dt. How-
ever, in both dl,ye/dt and dOD/dt, the noise level obscured
any signature of the pero, formation phase. To not worsen
the signal-to-noise-level by calculating dOD;g oy/dt, we ana-
lyze the evolution of AOD directly by fitting the error function
(that is, the integral of the Gaussian function used above) to
the transition (Figure 2h). This allowed to quantify the pero,
formation process satisfyingly, where we obtain t. yer,; = 62.7 s
and Wperp; =52.2 5. Overall, it is possible to quantify the critical
times t. and corresponding temporal durations of all three crys-
tallization processes (solvent-complex formation, pero; phase
and pero, phase formation) that appear during spin coating.

The different ¢, and widths for the different crystallization
processes are shown in Figure 3a as a function of the spin
speed. Here, the time sequence of film formation is represented
in a columnar form, and the time ranges in which the different
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Figure 3. a) Color bar representation of the critical times t. and widths of
the different crystallization phases. b) Perovskite growth rates extracted
from the evolution of average crystal size during spin coating (see
Figure 2e for 2000 rpm), as a function of spin speed.
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crystallization processes occur are colored. The temporal posi-
tion and width of the colored areas correspond to the t. and the
width w, i.e., each colored area covers the time range t. = w (see
also Figure S9 in the Supporting Information for a separated
representation of t. and w). As expected, t. and corresponding
width of all crystallization processes decrease with increasing
spin speed due to the accelerated solvent evaporation, i.e., all
crystallization processes occur earlier and faster with increasing
rpm (also see Figure S9, Supporting Information). It is also evi-
dent from Figure 3a that the time duration of the pero, forma-
tion relative to the time durations for the complex phase and
pero;-phase tend to increase with spin speed.

Figure 3b shows the perovskite growth rates extracted fol-
lowing the analysis approach from Figure 2e, as a function of
spin speed, where the growth rates at early times (r;) are about
an order of magnitude higher than the growth rates at later
times (r,), with both rates increasing for increasing rpm.

Thus, so far, we could establish all analytical approaches
to identify and quantify the different crystallization processes
occurring during spin coating. Next, we use these analytical
approaches to also investigate the crystallization processes that
take place during slot-die coating.

2.2. Slot-Die Coating of MAPbI;

We processed MAPDI; thin films by slot-die coating, using the
same precursor solution and ambient conditions as for spin
coating, and monitored the film formation by in situ optical
spectroscopy. Due to technical reasons, the scatter-LED imple-
mentation, as used in the spin coating measurements, was not
feasible in the slot-die coater. To still be able to monitor the scat-
tering of solvent-complexes during the processing, we exploit
the ambient room light that was available during all slot-die
coatings and measured its scattered intensity. However, in con-
trast to the scatter-LED, the room light is also present during

www.advopticalmat.de

the OD measurement. Consequently, the background correc-
tion recorded before the coating loses its validity upon the for-
mation of scattering centers during slot-die coating. This can
lead to distinct spectral features of the room light appearing in
the OD spectra. Nevertheless, because of the distinct spectral
signatures of the room light, it can be easily distinguished from
the optical signatures of solvent-complexes and MAPbI;.

To control the crystallization kinetics during slot-die coating
we use an air knife, mounted just above the carrier parallel to
the substrate. With increasing air pressures from 0.5 to 4 bar
through the air knife, solvent evaporation can be increased (see
Figure S1, Supporting Information for technical details).

Figure 4 shows the evolution of optical properties meas-
ured during slot-die coating using an air pressure of 4 bar (see
Figure S10, Supporting Information for other air pressures).
Analogous to Figure 1, Figure 4 shows the PL, the scattered
room light, and the OD as a heat map (bottom panel), together
with individual spectra at selected times (top panel). The time
axis was chosen so that t = 0 coincides with the moment the
slot-die head reaches its final position after dispensing the pre-
cursor solution on the substrate, which is =1.5 s (see the Sup-
porting Information for technical details).

Within the first 70 s of slot-die coating, no optical signatures
of both perovskite and complex structures were observed and
no periodic modulation in the OD spectra was present. A lack
of modulation in the OD spectra suggests that the height of the
solvent layer that could cause an interference effect is larger
than the coherence length of the detected light (=um range).
The corresponding analysis in the case of spin coating sug-
gested that the first spectral modulations were linked to a
highest detectable layer thickness in the range of =10 um
(Figure S3, Supporting Information). As we used the same
white LED also in the slot-die coating experiments, the absence
of modulations in the OD spectra in Figure 4c suggests that the
solvent level at the moment of the initial complex phase forma-
tion was at least =10 um.
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Figure 4. Spectra (top) and heat maps (bottom) of a) photoluminescence (PL), b) light scattering, and c) optical density (OD) during the slot-die
coating of a MAPDbI; film at an air knife pressure of 4 bar. The drop of the PL between 160 and 170 s is due to a fluctuation of the power of the excita-
tion laser.
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In the time range from 70 to 90 s, the optical signatures of
growing solvent-complex structures become apparent, with the
intensity of the scattered light increasing significantly, while
concomitantly, the OD increases almost independent from the
photon energy. As expected (vide supra), the increase in scat-
tered room light leads to distinct features (e.g., near 2.0 eV) in
the OD spectra, while no OD or PL signatures of MAPbI; are
yet detectable.

After 90 s a PL peak at 1.7 eV appears, which shifts to lower
energies for longer times, reaching a final PL peak position of
1.59 eV after 160 s. This final PL peak position matches the PL
peak position of bulk MAPbI;. Compared to the spin coating
case the PL intensity is lower, which we associate with a reduced
sensitivity for light detection of the measurement setup when
implemented at the slot-die coating setup. Simultaneous to
the appearance of PL signal, the intensity of the scattered light
decreases, reaching a constant intensity after about 120 s, indi-
cating the transition from complex to perovskite phase as was
also seen in the spin coating case. Starting from about 100 s,
the OD increases more steeply, and concomitantly, an absorp-
tion edge of MAPDI; at 1.65 eV becomes apparent (see OD at
t=100 s), gaining intensity at later times (see OD at t = 162.6 s).
As in the case of spin coating, the flat shape of the OD above
the absorption edge indicates incomplete substrate coverage
also in the case of slot-die coating.[*’]

Analogous to the procedure in Figure 3, we extract the evolu-
tion of different optical parameters over time for all measured
air knife pressures, which is shown for PL peak position and
OD at 1.8 eV in Figure 5 (see Figure S11, Supporting Informa-
tion for the evolution of AOD and Iy,ye). The PL peak posi-
tion was determined in the same way as in Figure 2a. For
the sake of clarity, the decay to 1/e is not indicated here (see
Figure S12, Supporting Information for a more detailed version
of Figure 5a).

For all air knife pressures, the PL peak shifts from 1.7 to
1.59 eV and saturates thereafter (Figure 5a). As in the case of
spin coating, we interpret the appearance of a PL signal shifted
to higher energies than typically observed for the corresponding
bulk value as the signature of perovskite nuclei exhibiting a
quantum confinement effect. These nuclei grow continuously
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in size, indicated by the shift of the PL peak position to lower
energies. The saturation of the PL peak position at the energy
of the bulk MAPDI; PL (Figure S8, Supporting Information),
which occurs for at all air pressures used here, suggests that
the perovskite crystallites grow to sizes larger than the length
scale of the confinement limit (20-30 nm).>"

The time evolution of OD;g .y exhibits a two-step increase
for all air knife pressures (Figure 5b). Further considering the
signatures in the evolution of Iy, and AOD (Figure S11, Sup-
porting Information), we associate the first OD increase with
the formation of complex phase and the second increase with
the formation of perovskites. Thus, in contrast to the spin
coating, for slot-die coating only one perovskite crystallization
process occurs.

We extract t. and corresponding widths based on the evo-
lution of the optical parameters from Figure 5a,b and Figure
S11 in the Supporting Information, analogously to the analysis
methods used in Figure 2f~h. Figure 5c¢ shows t. and widths of
the complex (orange) and perovskite formation (blue) on a loga-
rithmic time scale, in the same way the times and durations of
the crystallization process occurring during spin coating were
presented in Figure 3a (see Figure S13, Supporting Informa-
tion for alternative version). As expected, as solvent evapora-
tion accelerates with increasing air knife pressures, complex
and perovskite formation occur at earlier times and their time
widths are reduced. No significant increase in the width of
perovskite phase formation relative to the width of complex
phase formation seems to occur in Figure 5c for increasing
evaporation rate (i.e., for increasing air knife pressures). This
constant relative width of perovskite crystallization is reminis-
cent to the evolution of the pero; width, but clearly contrasts the
corresponding relative widths for the pero, phase in the case of
spin coating (Figure 3a).

Analogously to Figure 2e, we estimate the evolution of
average perovskite crystallite sizes from the evolution of the
PL peak position over time. From the time-dependent increase
of the perovskite crystal size, we extract the growth rate of the
perovskite crystallites (see Figure S14, Supporting Informa-
tion), which is plotted as a function of air pressure in Figure 5d.
We find the growth rate to increase with air knife pressure,
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Figure 5. a) PL peak position and b) OD; gy for slot-die coating with different air pressures at the air knife. c) Critical times ¢, and widths w of the
complex (orange) and perovskite (blue) phase formations and d) perovskite growth rate as extracted from the PL peak position using Equation (1) as

a function of the air pressure at the air knife.

Adv. Optical Mater. 2021, 9, 2101161 2101161 (7 of 13)

214

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

exhibiting values in a similar range as those extracted during
the early perovskite crystallization for spin coating (compare ry).
We note that since the PL peak position saturates at the value of
bulk MAPDI; for all air pressures, we conclude that self-absorp-
tion again has a negligible or only minor effect on the PL peak
position in our measurements.

In summary, analogously to the analysis for spin coating,
the different crystallization processes during slot-die coating
were quantified and the findings of the spin coating were
used to identify qualitative differences and similarities in the
crystallization behavior between spin and slot-die coating. In
the following, we aim for a systematic and quantitative com-
parison of the crystallization processes of the two processing
methods.

2.3. Comparison of Spin- and Slot-Die Coating

If the crystallization mechanisms do not change, a higher evap-
oration rate would only result in a corresponding decrease of
the crystallization durations and a corresponding reduction of
their time differences. Accordingly, one would expect that with
suitable normalization, the relative crystallization durations
should be independent of the evaporation rate.

We thus aim for considering the durations of the various
crystallization processes identified in Figures 3a and 5c relative
to each other. We first consider the slot-die coating process, and
by using the widths and times of the crystallization processes
obtained in Figure 5c, we normalize to the time difference
At =t pero = tecomplex- 10 do this, we subtract the time £ complex
from all different times, so that tcomplex always is 0. Then we

www.advopticalmat.de

divide all times (t. and widths) by the absolute value of At so
that after normalization f e, is 1 (Figure 6a).

From a zoomed-in version of Figure 6a, it becomes clear that
the widths of the complex formation and perovskite formation
are nearly independent of the air knife pressure (Figure 6b).
This supports the hypothesis that an increase of the air knife
pressure leads to an acceleration of the film formation, but the
mechanisms of the crystallization processes do not change in
the case of slot-die coating.

In analogy to Figure 6a, we normalize the t. and widths of
the spin-coating crystallization processes from Figure 3a for
all investigated spin speeds (Figure 6c¢). For the normalization
we consider the pero; formation, i.e., t pero; and corresponding
time duration (see Figure S15, Supporting Information for a
version normalized to . per). In Figure 6c, the pero, forma-
tion takes a large fraction of the overall film formation time on
this relative time scale, with the width and critical time of the
pero, formation increasing with increasing spin speed. In con-
trast, the relative widths of the solvent-complex phase (orange)
and the pero; phase (blue) are largely independent of spin
speed (Figure 6d). Furthermore, the relative widths of complex
formation and pero; formation for spin coating and slot-die
coating are similar (Figure 6¢,d). This suggests that the crystal-
lization mechanisms of solvent-complexes and the subsequent
perovskite crystallization are comparable in both processing
methods, whereas the crystallization of the pero, crystallization
phase in spin coating differs from the other perovskite crystal-
lization processes.

The independence of the formation mechanism of the sol-
vent-complex structures from the processing method suggests
that . complex OF Width Weompiex are most suitable as independent

Pressure (bar) rpm (1/min)
a) 0 1 2 3 4 c) 500 1000 1500 2000
T T T T
10 | Formation of: 1T 110
Complex Phase
__ 8 Il Pero SD/ Pero, 1T 18
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s 6 - 2 1r 46 5
S £
2 4t 4 F I 14 2
2 F B —.l 42
- --- .- - B - | | ——— - - - - - - - - - - - - - B
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Figure 6. Bar chart of critical time t. and widths w of the phase formations upon slot-die coating a,b)
teinten 1-€4 teinter 1S 0 and tc pero is 1. b,d) Zoom-in versions of (a,b).
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Figure 7. a) At. = tc pero — tecomplex aNd b) width of the perovskite forma-
tion Wpero as a function of the width of the complex phase formation
Weomplex fOr slot-die coating (black squares) and first (peroy, red circles)
and second (pero,, blue circles) perovskite crystallization during spin
coating. c) Microscopy images of spin coated (left panel) and slot-die
coated (right panel) thin films with comparable weompiex (for complete
list of microscopy images see Figure S17 in the Supporting Information).

parameters to systematically compare the perovskite forma-
tion kinetics between spin coating and slot-die coating. As the
time zero is often difficult to determine precisely and thus also
t complex 1S, W€ US€ Weomplex a5 @ common parameter and plot
both At =t hero = tecomplex AN Wpero a8 a function of wegmplex for
the different perovskite crystallization phases (Figure 7).

In general, At increases linearly with increasing Weomplex
(i-e., with decreasing air pressure or spin speed), with the
values for slot-die coating (At black squares) and for the
first perovskite crystallization in spin coating (At pero1, red cir-
cles) exhibit virtually the same increase (Figure 7a). This further
indicates that the mechanism of these two perovskite crystal-
lization processes is similar. In contrast, the value for the pero,
crystallization (Af pero, blue circles) increases more steeply, i.e.,
for a certain weomplex the pero, crystallization in spin coating
occurs considerably delayed compared to the perovskite forma-
tion in slot-die coating. The different slopes between At e, in
spin coating and At go; (and At pero Tespectively), suggest that
the mechanism of the pero, crystallization in spin coating dif-
fers from the corresponding mechanism of the one in slot-die
coating (and from the first perovskite crystallization in spin
coating respectively).
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This difference in crystallization behavior is also reflected
in the dependence between wpe;, and Weompiex (Figure 7b). Here
Wpero Of the slot-die coating and Wpero1,¢pin Of the spin coating
increase linearly with Weopplex, exhibiting almost identical
slopes. In contrast, Wperey,spin €xhibits a non-linear dependence,
with a steep increase followed by a flattening out for larger
Weomplex: always at values higher than wpere1,spin ad Wperg siot-

Plotting the perovskite growth rates extracted from the
PL peak shifts as a function of width weompiex, sShows that the
rates associated with pero; during the spin coating are similar
to those associated with the perovskite growth during slot-die
coating, and both decrease similarly with increasing Weomplex
(Figure S16, Supporting Information). In contrast, the growth
rate occurring during the pero, formation is significantly
diminished by about one order of magnitude. This is in line
with the assumption that the mechanism of perovskite crystal-
lization during slot-die coating and the pero; crystallization in
spin coating is similar, while the pero, crystallization in spin
coating is more restricted.

To understand the impact of the different crystallization
mechanisms on the final film morphology, we took micros-
copy images of the films processed by spin coating and slot-
die coating, where in Figure 7d films with similar weomplex are
shown. This, for example, was the case for a spin speed of
800 rpm (Weomplex = 5.6 s) and an air knife pressure of 4 bar
(Weomplex = 5.3 ). As expected, both films show a needle-like
morphology determined by the complex structures with an
incomplete film coverage. For both processing methods, it
can be observed that the film coverage becomes more homog-
enous, and the needle structures become smaller with faster
drying kinetics (Figure S17, Supporting Information). In gen-
eral, the needles are arranged in bundles, with a certain pref-
erential direction. However, the degree of orientation of the
bundles seems to be somewhat less pronounced in the slot-die
coated film than in the spin-coated film. The dark areas inside
the needles in both films correspond to perovskite phase,’>’
suggesting that the latter forms within the solvent-complex
structures.

Furthermore, in the slot-die coated film, the yellow out-
of-focus areas demonstrate that the needles in the center of
the bundle are not in the focal plane of the microscope. This
suggests that in the center of the bundles, needles grew also
into vertical direction. For the film processed by spin coating,
growth of the needles out of the focus plane can only be
observed, at higher magnification (i.e., smaller focus depth),
for the slower spin speeds (Figure S17, Supporting Informa-
tion). Furthermore, profilometry measurements of the dif-
ferent spin coated films show that with increasing rpm, the
mean height of the thin film decreases (Table S1, Supporting
Information). In summary, these results suggest that the
needle morphology in spin coating is flatter than in slot-die
coating.

Thus, despite similar complex phase formation dynamics,
the final film morphology between slot-die coated and spin
coated films clearly differs. Since the perovskite phase forms
and grows within the needles of the complex phase, it stands
to reason that differences in solvent-complex phase mor-
phology are responsible for the differences in perovskite growth
between spin and slot-die coating.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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2.4. Discussion

Based on the previous results, all the necessary knowledge
could be derived to develop a complete picture of the differ-
ences in crystallization processes during spin- and slot-die
coating, which will be discussed in the following. The sequence
of crystallization processes, normalized to the duration of com-
plex phase formation, analogously to the procedure in Figure 7,
is illustrated in Figure 8.

As inferred from the temporal increase of I ., and OD,
in both processing methods needle-like solvent-complex struc-
tures crystallize first (Figure 8a).l3

Independent from the specific solution processing method,
the formation process of the complex phase follows from
a supersaturation-induced heterogeneous nucleation and
growth process, as suggested by Fong et al. .l Upon their first
detection, i.e., from t)compiex ONWard, the needles are already
um-sized, as suggested by the scattering contribution of the sol-
vent-complex structures being independent of photon energy.
For both processing methods the size of the needles increases
to above =50 pum in the final film (Figure S17, Supporting
Information).

However, in spin coating, the white light interference in the
OD spectra at the beginning of the processing revealed that at
the time of the first detection of the complex structures, the sol-
vent level had already dropped to a few pm. Accordingly, in the
case of spin coating, we conclude that the growth of needles
perpendicular to the substrate is limited by the decreasing sol-
vent level from a certain point during spin coating. Further, for
increasing rpm we observed that the solvent level just before
to,complex decreases (Figure S3c, Supporting Information), while
at the same time the complex phase formation accelerates
(decreasing weomplex Figure 3b; Figure S9, Supporting Informa-
tion). This indicates that for increasing rpm, the decreasing sol-
vent level influences the growth of the complex phase needles
over a longer relative time span. As it is possible to explain the
flat needle morphology to be the result of the decreasing sol-
vent levels, shear forces in the needles, induced by centrifugal
forces during substrate rotation, might not alter the needle
growth direction significantly in case of spin coating.

In contrast, in slot-die coating the solvent level just before
to,complex COULd be estimated to be at least 10 um. This might sug-
gest that the complex phase formation during slot-die coating is
not significantly limited by the solvent level (Figure 8b). This
fits with the needle structures observed in Figure 7, some of
which protrude considerably upward in the slot-die coated
sample, whereas a flat needle morphology is present in the
spin-coated sample.

After the complex structure formation, the perovskite crystal-
lizes within the complex structures (Figure 8c), which could be
inferred from the time evolution of the optical parameters and
from the microscopy images (Figure S17, Supporting Informa-
tion). Examining the formation kinetics of perog,, and peros gy,
similar growth rates (Figure S16, Supporting Information) and
At values (Figure 7a) for comparable weomyiey (Figure 7a) indi-
cate that their crystallization behavior is similar (Figure 8d).

However, in contrast to slot-die coating, a significant reduc-
tion of the perovskite growth rate in at least one spatial direc-
tion occurs in spin coating after exceeding an average crystal
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Figure 8. a—e) lllustration of the crystallization processes occurring
during spin- (left) and slot-die coating (right) on a relative time axis,
which is normalized to the duration of the complex phase formation.
Supersaturated precursor solution leading to the initial solvent-complex
phase nucleation is depicted in orange, while solvent-complexes are in
beige and perovskite nuclei in brown. f,g) SEM images of a spin-coated
MAPbI; thin film f) and a film obtained by drop casting g). For full list of
SEM images see Figure S18 in the Supporting Information.

size of about 5-7 nm (Figure 2e). This suggests a restricted
crystallization for pero, s, compared to perogy and peros gy,
In addition to the reduced growth rate, the second perovskite
formation process during spin coating proceeded over a longer
relative time span than the first perovskite formation phase, an
effect that intensified with increasing spin speed (Figure 7b).
These results suggest that the changed crystallization properties
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of pero, i, are related to the flattened needle-like morphology
of the complex phase. The growth rates we observe (Figure S16,
Supporting Information) are significantly lower compared
to values reported for other synthesis approaches where the
perovskite forms directly, ranging from about 10 nm s to
1 wm s7L140.60-621 This indicates that perovskite formation from a
solvent-complex phase is considerably slower than direct perov-
skite phase formation from solution. Accordingly, it is reason-
able to assume that the morphology of the complex phase has
a significant influence on the perovskite crystallization. Hence
this further supports that the altered crystallization properties
of pero, gyin could be the result of a changed morphology of the
complex phase.

A possible reason for the restricted perovskite crystallization
could be an increased polycrystallinity of the solvent-complex
structures. We speculate that an increased bending of the
needle during growth, or growth along a non-preferred orien-
tation parallel to the solvent surface could lead to more defi-
cient growth and thus increased polycrystallinity in the complex
needle. Consequently, the growth of perovskite nuclei would
be restricted when reaching a solvent-complex phase grain
boundary, resulting in overall smaller perovskite crystallites. In
the wake of less restricted solvent-complex growth, as it appears
to be the case for slot-die coating, the perovskite phase can crys-
tallize more unhindered.

A more unhindered perovskite crystallization for slot-die
coating is in line with our observations of the perovskite crystal
size exceeding the confinement limit (Figure 8e). Furthermore,
scanning electron microscopy (SEM) images of the final mor-
phologies demonstrate that in the spin coating case (Figure 8f),
the needle morphology is determined by many small grains. In
contrast, the needle structures resulting from slot-die coating
(Figure 8g) appear significantly less polycrystalline, with grain
sizes >1 pm.

Thus, it becomes clear that based on the knowledge gained
from the detailed analyses applied to the multimodal optical in
situ spectroscopy in 2.1-2.3, a complete picture on the different
crystallization processes during spin and slot-die coating can be
derived.

3. Conclusion

In summary, we investigated in detail the crystallization pro-
cesses taking place during the one-step solution processing of
MAPDI; via spin and slot-die coating using multimodal optical
in situ spectroscopy. We measured in parallel the time evolu-
tion of PL, light scattering and absorption and utilized PL and
absorption to monitor the crystallization of MAPbI;, while by
measuring the scattered light the crystallization process of the
optically inactive solvent complex phase was accessed.

From the time evolution of PL peak position, integrated scat-
tered light intensity, and the optical density at different photon
energies, we identified the signatures of the different crystalli-
zation processes. We find that for both methods, a solvent-com-
plex phase emerges, followed by perovskite crystallization. The
latter occurs in two steps, separated in time for spin coating,
while for slot-die coating only one perovskite crystallization
phase could be observed.
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Further analysis of the time evolution of the optical param-
eters and their derivatives allowed accessing the kinetics of
each crystallization process. This in turn allowed investigating
the behavior of the crystallization kinetics upon systematically
altering the evaporation rate. Furthermore, the time duration of
the complex phase formation was found to be a suitable inde-
pendent parameter to identify differences in perovskite crystal-
lization kinetics between slot-die and spin coating on a relative
time scale. For both processing methods, the solvent-complex
structure formation and the subsequent perovskite crystalliza-
tion were independent of the evaporation rate on a relative time
scale. In contrast, the second perovskite crystallization during
spin coating proceeds restrictedly with a reduced perovskite
crystal growth rate, where the average crystal sizes do not
exceed =10 nm in at least one spatial direction.

Here, the rapid decrease in solvent level at the beginning of
spin coating, the spectral signature of the scattered light and
microscopy images of the final film revealed that an increased
polycrystallinity and flatter orientation of the solvent-complex
phase are responsible for the changed perovskite crystallization
kinetics.

On the one hand, our work demonstrates that multimodal
optical in situ spectroscopy, combined with detailed data anal-
ysis represents a powerful tool to gain fundamental insights
on the crystallization processes during solution-based halide
perovskite processing. By identifying weompiex as a suitable inde-
pendent parameter, we were able to compare the crystallization
kinetics for both processing techniques quantitatively. Further,
the methodology presented in this work yields potential to also
achieve improved process and film control, e.g., in an indus-
trial context. Here, monitoring (besides PL) the optical trans-
mission signal that contains contributions from absorption as
well as light scattering during the processing can give impor-
tant information about the film coverage and film thickness,
i.e., about the film quality. In the future, the presented meth-
odology can be applied to state-of-the-art precursor chemistries
or solvent mixtures relevant for industrially favorable one-step
processing, and combining multimodal optical spectroscopy
with, e.g., in situ X-ray scattering measurements would further
allow to gain broader insights, e.g., about the perovskite phase
purity.

On the other hand, our work also highlights the high sen-
sitivity of perovskite crystallization kinetics on changes of the
properties of the precursor phase from which perovskite forms.
It thus represents an important step to enhance the general
understanding of the crystallization processes occurring during
halide perovskite evolution, independent of the specific solu-
tion-based coating method.

4. Experimental Section

Thin  Film  Fabrication: Precursors were used as received.
Methylammonium iodide (MAI) was purchased from Dyesol and
Lead(ll) iodide (Pbl,, 99%) was purchased from Acros. ITO substrates
were cleaned in an ultrasonic bath with isopropanol (IPA, analytical
grade (VWR)) followed by O, plasma treatment prior to use. For
precursor solutions used for spin coating and for slot-die coating, MAI
and Pbl, were dissolved in DMF (>99.5%, Fisher Chemical) with a
concentration of 0.7 m.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Spin-coated perovskite films were prepared using a custom-built
spin coater on ITO substrates with spin speeds of 500 to 2000 rpm in
a one-step processing approach, using 70 uL of precursor solution per
substrate at RT. The setup is shown in Figure Sla in the Supporting
Information.

Slot-die coated perovskite films were prepared using an nRad
slot-die coater system (nTact) on ITO substrates with a coating speed
of 40 mm s, a gap distance of 60 um and a solvent dispensing rate
of 100 pL s™' at RT. An air knife (Super Air Knife, Exair) was directed
parallel to the printed precursor film with air pressure between 0.5 and
4 bar. The setup is shown in Figure S1b in the Supporting Information.

Spin coatings and slot-die coatings were performed at ambient air
with a relative humidity in the range of 50%-60%.

In Situ Optical Spectroscopy: In situ optical spectra were recorded with
the setup detailed in Section ST in the Supporting Information. For the
spin coating measurements, the scattered light of a LED emitting at
490 nm was measured, whereas for slot-die coating, the scattered room
light was detected. PL and scattered light were measured simultaneously
in one spectrum. PL/scattered light and absorption were then recorded
alternating frame by frame, with a frame rate (for pairs of PL/scattered
light and absorption) of 7.5 Hz in the case of slot-die coating and spin
coating at 500 rpm, and with a frame rate of 11.6 Hz for spin coating
with faster spin speeds (i.e., 600-2000 rpm).

Microscopy: Images of the solution processed films were taken with
a Leica DM 2700M using Leica N Plan EPI objectives (20x/0.40 BD and
100x/0.85 BD).

Scanning Electron Microscopy: The samples were characterized by
SEM using a Zeiss Ultra plus, equipped with a field-emission cathode
using an in-lens secondary electron detector and an accelerating voltage
of 3.0 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1: Detailed description of the measurement setups

Figure S1: a) Photograph of the setup used for measuring the in situ optical data during spin
coating. b) Photograph of the setup used for measuring the in situ optical data during slot-dye
coating.

The setup for measuring the in situ optical data during spin-coating is shown in Figure S1la. It consists
of a custom-built spin-coater (1) with a hole in the middle (2). Underneath the spin-coater a white-
light LED is placed. Its light shines through the hole in the middle of the spin-coater and serves as a
white light for transmission measurements. A laser diode (405 nm) in combination with focusing optics
and a diaphragm (3) are mounted above the spin-coater for exciting the sample for PL measurements.
An LED emitting at 490 nm (4) is placed next to the laser, whose scattered light can be detected
(referred to as scatter-LED). White-light and excitation laser are turned on and off alternatingly, so that
either transmission or PL is probed. Transmitted light, PL and scattered LED light are collected with one
optical fiber (5), which is coupled to the detection system. The detection system consists of a CCD
camera, coupled to a spectrograph, and a home-built detection setup, which is described in detail in
Supporting Reference 1. In brief, the detection setup switches the optical path between transmission
and PL measurements, so that for PL measurements, the laser wavelength is blocked by a suitable filter
(in this case a 420 nm long pass filter). In contrast, for transmission measurements, the transmitted
light is coupled into the spectrograph without additional filtering. The detection setup further
synchronizes the CCD camera with the white-light LED, the laser and the optical path switching. Using
this setup, we can record PL and transmission during spin-coating quasi-simultaneously (i.e.,
alternating frame by frame) with a rate of more than 10 Hz. From the transmission measurements,
the optical density (OD) is calculated based on a reference measurement prior to spin-coating.
Scattered LED light is recorded during the PL measurements.

Figure S1b shows the adaption of the setup described above for measuring the optical data in situ
during slot-dye coating. Here, the optical fiber for signal collection (5) and the laser diode (3) are
mounted on the printer head (1). The white-light LED is placed underneath the substrate at a fixed
position (2), so that in the final position of the printer head, white-light and optical fiber are well
aligned for transmission measurements. For this setup, instead of using an additional scatter-LED, the
scattered room light is detected. The optical fiber is connected to the same detection system as
described above. For manipulating the drying kinetics, an air knife (6) is placed next to the substrate,
generating a controlled nitrogen flow from the side.
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S2: Intensity Heat Maps of the in situ optical data during spin coating
for all other spin speeds
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Figure S2: Intensity heat maps of the in situ PL (left), of the scattered LED light (middle) and of the
optical density (right) for the different spin speeds during spin-coating.
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S3: Estimation of layer thickness based on white light interference

Prior to the formation of the intermediate phase, we observe a sinusoidal modulation of the OD
spectrum upon spin-coating (see inset in Figure S3). Such a modulation is indicative of positive and
negative interference of white light caused by a thin layer and reflection at its interfaces. If the
refractive index of the layer causing the interference is known, the thickness of the layer can be
calculated from the distance of adjacent extrema in the OD using®3

d — 112'2

T 2(na—any) (S1)

where A; is the wavelength of the extremum i and n; is the refractive index at wavelength Ai. Assuming
that nis roughly constant in the investigated spectral range, i.e. n1 = n;, and converting the wavelength
to energy, Equation S1 can be re-written to

hc

= onaE (82)

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

AE was extracted from the frequency of a sine function fitted to the OD (see orange dashed line in the
inset in Figure S3a). The thickness of the layer was then calculated using the refractive index of DMF,
that is n = 1.43. The calculated layer thickness using Equation S2 is shown exemplarily for 2000 rpm in
Figure S3a and for all spin speeds in Figure S3b. Figure S3c shows the calculated layer thickness at the
time where the interference pattern vanishes. For 2000 rpm to 1000 rpm, this time coincides well with
the onset time of the complex phase formation.

Note that if the refractive index of the solution layer is higher than of pure DMF due to the presence
of solute Pbl,, the resulting layer thickness would be smaller. It follows that the layer thickness
calculated with the refractive index of DMF can be seen as an upper limit to the actual layer thickness
of the solution layer.
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Figure S3: a) Layer thickness as a function of time of the solution layer causing white light
interference for the case of the spin speed of 2000 rpm. Inset: sinusoidal modulation of the OD
caused by white light interference (black) together with a sine function following equation XXX,
fitted to the modulation of the OD (orange dashed). b) Layer thickness as a function of time for all
investigated spin speeds. c) Layer thickness extracted at the time when the interference pattern in
the OD spectra vanishes. For 2000 rpm to 1000 rpm, this coincides with the onset time of the
complex phase formation to,complex-
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S4: Optical density during the complex phase formation upon spin
coating
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Figure S4: Optical density at selected times during the formation of the intermediate phase upon
spin coating with a spin speed of 2000 rpm.
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S5: Aliasing effect

All signal intensities (transmitted white light, scattered LED light, PL) depend slightly on the angular
position of the spin coater, i.e. the detectable intensities change due to the rotation of the spin coater
with the frequency of the spin coater. In combination with the finite frequency of detection, this leads
to aliasing if the Nyquist criterium cannot be obeyed. As a result, the recorded signal is modulated with
the aliasing frequency. This aliasing frequency can be seen as a sharp peak in the Fourier transform of
the signal, as shown in Figure S5a for the case of the OD1 sy for the spin speed of 1600 rpm. By applying
a band block filter (notch filter) on the Fourier transform of the signal, the effect of aliasing on the
recorded signal can be eliminated, or at least reduced. This is illustrated in Figure S5b. The grey solid
line shows the ODg 13ev as recorded. By applying a band block filter with cutoff frequencies of 2.3 Hz
and 2.5 Hz, the signal quality can be improved significantly. While this demonstrates clearly that the
“noise” in the data is caused by an aliasing effect, it can be more convenient to use other types of filter,
which do not require the determination of the aliasing frequency. The blue line in Figure S5b shows
the ODg 15.ev after applying a Savitzky-Golay filter with a window size of 25 points (corresponding to
2.2 s) and polynomial order 2, resulting in a curve that is similarly smooth as the one resulting from
the application of a notch filter. For the measurements in our setup, the modulation of the signals by
the aliasing effect was always significantly faster than the observed dynamics in the film formation,
which facilitates the filtering/smoothing of the recorded data without losing temporal resolution or
information about the film formation dynamics.

a) 0 . . : : . b) i : ' : ' |
[ aliasing frequency T [ as recorded
-20 —— Notch filter
i 041 — sav.-Gol.
-40 5
5 5
-60 3 0.2
-80
i 00F 1600 rpm |
-100 . . ' . L . \ : .
0 2 4 6 20 40 60
Frequency (Hz) Time (s)

Figure S5: a) Fourier transform of the ODg 1.3.v at the spin speed of 1600 rpm. The peak at 2.34 Hz is
the aliasing frequency, determined by the rotation frequency of the spin coater and the detection
frequency. b) OD, 5.y at the spin speed of 1600 rpm as recorded (grey), with applied Notch filter
(band block 2.3 Hz — 2.5 Hz) (red) and with applied Savitzky-Golay filter (window size 25 points,
polynomial order 2) (blue).
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S6: Details on the PL peak fitting

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

2
[(E) =l r T (S3)

e 91 +e 92
where lg is the PL peak intensity, Eo is the PL peak position and o1/ are the slopes for the exponentially
decreasing high/low energy edge. A symmetric hyperbolic secant (i.e. o1 = 0;) has been used
successfully in the past to fit the PL of MAPbI;.*® The usage of this peak shape can be rationalized by
considering the reciprocity theorem of PL and absorption and the absorption spectrum of MAPbIs, as

detailed in Supporting Ref. 6.

The asymmetry in Equation S3 accounts for the peak broadening caused by the PL peak shift due to
quantum confinement in combination with a particle size distribution.”® For illustrating the peak width
in Figure 2a in the main text, we calculated the energy where the intensity drops to 1/e based on
Equation S3 and the obtained fit parameters.

An exemplary fit of Equation S3 to the PL during the spin-coating is shown in Figure S6.

T T T T T
r 2000 rpm 1
60 - t=705s -

PL (arb. u.)

1.4 1.6 1.8 2.0
Energy (eV)

Figure S6: PL of the MAPbI; thin film coated at 2000 rpm at 70.5 s after the start of the spin coater
(open symbols) together with a fit of Equation S3 (orange line) to the experimental data.
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$7: AOD as calculated with 2.2 eV for spin coating at 2000 rpm
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Figure S7: AOD as calculated from the OD @ 2.2 eV — OD @ 1.575 eV (red) for the spin speed of

2000 rpm. Calculating the AOD with these energies, a rise similar to the one observed in the OD; 5.y
during the pero; formation can be observed. For comparison, the AOD as calculated with 1.8 eV is

also shown (black).

S8: Bulk PL of MAPbI;
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o
a1
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Energy (eV)
Figure S8: Normalized PL of an annealed MAPbI; thin film, measured with the setup described in
Section S1. The dashed line indicates the Peak position at 1.59 eV, the grey solid lines indicate the

energy where the intensity falls to 1/e of the peak intensity.
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S9: Alternative version of Figure 3a from the main text

Phase Formation: Complex
® Pero; A Pero,
T B e e LEmam e
[ ‘ A A
— ®_ A
< 10 e A 3
S [ ] A A A
2 [ ]
b ®
} i } + +—— —— +——
10° F AL, A E
A A A E
@ [ e ]
=z 10' ® .
® o E
i s & |
100 PR [T ST S S R [T S TR ST TN N SR S S S W'
500 1000 1500 2000
rpm (1/min)

Figure S9: Alternative representation of Figure 3a from the main text. Critical times t. (top) and

widths w (bottom) for the complex (orange), pero; (blue) and pero; (red) formation as a function of
spin speed.
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S10: Intensity heat maps of the in situ optical data during slot-die
coating for all other air knife pressures
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Figure S10: Intensity heat maps of the in-situ PL (left), of a selected spectral range of the scattered
room light (middle) and of the optical density (right) for the different air pressures at the air knife.
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S11: AOD und Iscatter for the slot-die coatings with different air pressures at the
air knife
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Figure S11: AOD (OD1.gev — OD1.575ev) (@) and Iscareer (b) as a function of time for the slot-die coatings
with different air pressures at the air knife.

S$12: Peak position and width of the perovskite PL during slot-die
coatings

1.9 T T T

PL Peak (eV)
= - -
o N @

=
5
T

1 1 1

200 400 600

=
i

Time (s)

Figure S12: PL peak position as a function of time during the slot-die coatings with different air
pressures at the air knife. The shaded areas indicate the spectral range where the PL intensity is
more than 1/e of the peak intensity.
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S13: Alternative version of Figure 5¢ from the main text
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Figure S13: alternative representation of Figure 5¢ from the main text. Critical times t. (top) and

widths w (bottom) of the complex (orange) and the perovskite (blue) formation as a function of the
air pressure at the air knife.
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S14: Exemplary estimate of the crystal growth rate from the PL Peak
position during slot-die coating
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Figure S14: Average crystal size (black) calculated from the PL peak position using eq. 1 from the
main text, together with a linear fit (purple) for extracting the crystal growth rate for the air pressure
of 4 bar at the air knife.

The deviation of the time evolution of crystal sizes in the earliest time range suggests that the initial
perovskite growth is relatively slow. We speculate that this effect might be connected to a distribution
of growth rates during the earliest time range, which in turn might be correlated to the fact that the
widest distribution of crystal sizes, relative to the average crystal size, is present during this time range.
A wide distribution of crystal sizes at the beginning of perovskite crystallization is also supported by
the decrease of PL Peak FWHM as a function of time in Figure S12. Nevertheless, the fit in Figure S14
is still satisfying for most of the investigated time span, allowing to extract the average crystal growth
rate satisfyingly.
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S15: Alternative version of Figure 6d from the main text
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Figure S15: Bar chart of critical time t.and widths w of the complex (orange), peros: (blue) and pero,
(red) phase formations upon spin coating, normalized to At = t¢pero2 — tc,complex; i-€. tc,complex iS s€t to 0

and tcpero2 to 1.

$16: Comparison of the calculated growth rates during spin coating
and slot-die coating
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Figure $S16: MAPbI; growth rate, estimated based on the PL peak shift for slot-die coating and spin
coating as a function of Weomplex-
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S17: Microscopy images for perovskite phase identification in spin
coating

a) Microscopy images of spin coated films:

1600 rpm

1000 rpm
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b) Microscopy images for slot-die coated films

Figure S17: a) Microscopy Image (100x) of MAPbI; thin films spin coated with spin speeds 2000 rpm,
1600 rpm, 1300 rpm, 1000 rpm, 800 rpm, 700, rpm, 600 rpm and 500 rpm (from top left to bottom
right). From focal plane and off-focus depictions it is evident that with decreasing rpm the height
variations of the film increase. b) Microscopy Image (20x) of MAPblI; thin films slot-die coated with
air pressures at the air-knife of 0.5, 1.0 bar, 2.0 bar and 4.0 bar (from top left to bottom right). c)
Microscopy Image (20x) of MAPblI; thin films spin coated with spin speeds of 500 rpm and 200 rpm.
From the images it becomes evident that faster drying kinetics leads to a more homogenous film
coverage with smaller needle structures.
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S$18: Characterization of final layer morphologies

Measurements of layer thicknesses by profilometry

To estimate the layer thickness Dektak profilometry measurements were performed for spin coated
thin films. To estimate the layer thickness within the excitation area, where PL and OD spectra are
captured, 3 parallel aligned measurements with a length of 500 um are carried out with an
approximate distance of 250 um between the measurements. The mean height is calculated by the
mean of detected height values and the error, representing the roughness of the layer, is given by the
standard deviation of the detected height values. Table S1 shows the minimum and maximum value
of detected mean height values with their error. With increasing rpm the mean height and
corresponding roughness reduces, as well as the error (approximation of a surface roughness value).

rpm | Maximum mean height (nm) | Minimum mean height (nm)
2000 600 + 360 560 + 340

1600 640 + 400 530+ 420

1300 750 370 540+ 370

1000 1100 + 520 840+ 520

800 1300+ 970 1200 + 870

700 2200 + 1700 1700 + 1400

600 3700 + 2700 1700 + 1100

500 7000 + 5900 4600 + 4600

Table S1: Maximum and minimum mean height of spin coated MAPDbI; thin films measured by Dektak
profilometry. For both the maximum and minimum mean height dependence with rpm an increase
in thin film height with increasing rpm is captured.
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Scanning Electron Microscopy of a spin coated MAPbI; thin film

Figure S18: SEM images of MAPbI; thin films, from drop-casting with 0 bar air-knife (left column) and
spin coating with 2000 rpm (right column). The magnification increases from top to bottom from
100x, 500x and 25.000x. The last row shows, that the solely evaporation dried thin film consists of
highly crystalline needles (making up a good portion of the thin film), while one can see for spin
coating a high number of small grains with at least one dimension being smaller than 20-30 nm,
which is approximately the limit required for quantum confinement to be visible within the PL
signal.®
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Charge carriers' density, their lifetime, mobility, and the existence of trap states are strongly
affected by the microscopic morphologies of perovskite films, and have a direct influence on
the photovoltaic performance. Here, we report on micro-wrinkled perovskite layers to
enhance photocarrier transport performances. By utilizing temperature-dependent miscibility
of dimethyl sulfoxide with diethyl ether, the geometry of the microscopic wrinkles of the
perovskite films are controlled. Wrinkling is pronounced as temperature of diethyl ether (Tpg)
decreases due to the compressive stress relaxation of the thin rigid film-capped viscoelastic
layer. Time-correlated single-photon counting reveals longer carrier lifetime at the hill sites
than at the valley sites. The wrinkled morphology formed at Tpg =5 °C shows higher power
conversion efficiency (PCE) and better stability than the flat one formed at Tpg =30 °C.
Interfacial and additive engineering improve further PCE to 23.02%. This study provides
important insight into correlation between lattice strain and carrier properties in perovskite
photovoltaics.
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ince the pioneering reports on the ~10% efficient solid-state
perovskite solar cell (PSC) in 201212, demonstrating long-
term stability by resolving the dissolution issue of
organic-inorganic lead halide perovskite in photoelectrocehmical-
type solar cell employing liquid electrolyte’#, the perovskite
photovoltaics has surged swiftly. As a result, the power conversion
efficiency (PCE) as high as 25.5% has been achieved in 2020°.
Although the composition of perovskite started with methy-
lammonium lead iodide, abbreviated to MAPDbI;, the recent
excellent performing PSCs are based on formamidinium lead
iodide, abbreviated to FAPbI;0~8 or its derivatives with a certain
amount of other cations in FA-site and/or bromide in I site?-11,
Along with compositional engineering for making progress
toward higher PCE, methods for controlling crystal growth have
significantly contributed to producing defect-less high-quality
perovskite films!>13, Forming Lewis acid-base adduct inter-
mediate via antisolvent engineering was widely adapted to achieve
large perovskite crystals with less grain boundaries!1%, instead of
a direct conversion of wet film to the perovskite phase. Despite the
enlarged perovskite grains, the crystal growth by solvent engi-
neering can hardly manipulate morphology of perovskite layer.
Epitaxial growth, for example, could provide crystal growth nor-
mal to the substrate, which is expected to be beneficial to carrier
transport. In addition, a flat perovskite surface induced by the
solvent engineering may not be effective in optimizing light in-
and out-coupling. Thus, it is still required to develop a metho-
dology enabling an opto-electronically optimized perovskite layer.
Recently, an approach to control the perovskite morphology
has been explored. For example, microscopic wrinkles have been
observed for a certain composition of perovskite that suffers
buckling of the perovskite thin film'®!17. In particular, the
buckling was explained as a result of local compressive stress
relaxation!”. However, detailed and comprehensive studies for
effects of the microscopic wrinkles on the photovoltaic perfor-
mances, as well as wrinkling mechanism have not been reported
yet. Here, we report a simple and yet effective experimental
approach to control and optimize the microscopic geometry of
the wrinkles of perovskite thin films to maximize the photovoltaic
performances, as well as long-time durability. We also suggest a
theoretical model elucidating the wrinkling mechanism based on
the detailed experimental data. To control the wrinkled mor-
phology, we have designed an experimental method based on
temperature-dependent miscibility of dimethyl sulfoxide (DMSO)
with diethyl ether (DE) and composition optimization of per-
ovskite materials (i.e., FA;_,MA,Pb(Br,I,_,)s, FA; .Cs.Pb(Br,I;_,);
and MA,_,,Cs, Pb(Br,I;_,);). To study the detailed mechanism of
the wrinkling, we suggest a bilayer wrinkling model with a the-
oretical analysis supported by numerical simulations and
experimental measurement of optical diffraction. We extend a
scope of the study to the investigation of the effects of the
microscopic wrinkles on the charge carrier dynamics with time-
correlated single-photon counting (TCSPC) coupled with fluor-
escence lifetime imaging microscopy (FLIM) and photo-
conductive atomic force microscope (pc-AFM). From the
combined experimental data, we have found that the wrinkled
morphology notably facilitates the charge carriers transport inside
the perovskite films.

Results and discussion

Formation of wrinkled morphologies depending on perovskite
composition. Experimental procedure to control microscopic
wrinkles in PSC is schematically illustrated in Fig. 1a. The per-
ovskite precursor solution is first spin-coated on a solid substrate
for 20s, followed by dripping DE 10 right after spinning. The
cross-sectional profile of the microscopic wrinkles can be

represented as a sinusoidal curve with a wavelength (1) and an
amplitude (A). A is estimated by calculating the governing char-
acteristic periodic length scales from the 2D Fourier transform of
optical microscope images (Supplementary Fig. 1) and A by cal-
culating the average height difference between the hill (hyy) and
the valley (hyaey) such that A = (hnj — Ayaiiey)/2. From the
experiments, we found that the wrinkling geometry is affected by
substrate temperature (Ts,,) and the temperature of diethyl ether
(Tpg), as well as the perovskite composition. For example, the
wrinkle geometry exhibited a dependence on the compositions of
FAPDI; perovskite. Hereby MA (or Cs) and Br are used as a
substitute for FA and I in FAPbI; to form nominal compositions
of FA;_\MA,Pb(Br,I,_,); and FA,_.Cs,Pb(Br,I;_,)3, and MA and I
are partially substituted with Cs and Br in MAPbI;, leading to
MA,_,Cs,Pb(Br,I,_,)s. Figure 1b, ¢ show detailed phase diagram
of the wrinkle geometries as a function of the composition para-
meters (i.e., x and y for Fig. 1b and z and y for Fig. 1c, respectively)
(see Supplementary Fig. 1a, b for entire experimental data for the
wrinkled morphologies). We observed that the wrinkling occurs in
selective range of the compositions (i.e., 0<x<04 and 0.2<y<
0.8) or (0.6<x<0.8 and 0.4<y<0.6) in FA, ,MA,Pb(Br,l;_,);
and (z=0.1and0<y<0.8),(z=0.2and 0<y<0.6), (z=0.3 and
02<y<04) or (z=04 and y=0.2) in FA;_.Cs,Pb(Br1,_,);)
Notably, we also observe that there is no wrinkling in MAPbI; or
its derivatives (see Supplementary Fig. 1¢, d). In addition, hundred
percent Br (FA;_,MA,PbBr;) would not lead to wrinkling (i.e., for
the FA;_,MA,Pb(Br,I,_,); perovskite, A tends to increase with
decreasing x (Fig. 1b)). From these experimental observations, it is
obvious that the presence of limited amount of Br plays an
important role in introducing the wrinkled morphology. With a
composition of Br in the range of 0.2<y<0.8, 1 decreases with
increasing the composition of MA (i.e., A~20 um for 0<x<0.2,
A~15pum for 0.2<x<0.4, and A~8um for x=0.6). It is also
notable that wrinkling hardly occurs for higher composition of x
and y such that being >0.8. We also observe that A is relatively
shallow (~65nm) for the composition range with 0 <x<0.4 and
0.2<y<0.8, while is deep (~100 nm) for the composition range
with 0.1<x<0.3 and 0.3<y<0.6. As shown in Fig. lc, sub-
stitution of FA with Cs, the wrinkled morphology is accompanied
by further amplified value of A (> 100 nm) in the range of 0.05 <
z<04 and 02<y<0.6. The sampled composition can be
expressed as (FAPDI3);_,(CsPbBrs), in case of z=y and more
detailed phase diagram and images of the wrinkled morphology
are provided in Supplementary Fig. 2a, b, and d. Interestingly, the
as-spun films prior to the annealing also show a wrinkled mor-
phology in the range of 0.1<z<0.2 (Supplementary Fig. 2a),
which is sustained even after the annealing (Supplementary
Fig. 2b), with slightly decrease in A (Supplementary Fig. 2d). This
indicates that the solvent evaporation during the annealing pro-
cess hardly affects the wrinkle framework, as is the context in the
case of (FAPbI;); (MAPbBr;), in Supplementary Fig. 2c, e. The
annealed films show a decrease in the value of A from 19.7 to
13.9 um when increasing z from 0.1 to 0.2, while an increase in the
value of A from 46.5nm (z=0.1) to 112.5nm (z=10.2).

Effect of Tpg on wrinkled morphologies. Next, with a pre-
sentative sample with the maximum amplitude (i.e., (FAP-
bl3)g .875(CsPbBr3).125 (z=10.125)), we have examined the effects
of Tsy and Tpg on the wrinkling morphology as shown in
Fig. 1d. With fixed Tsu, A decreases and A increases with
decreasing Tpg. The effects of Tpg on the wrinkled morphology
can be explained by the microscopic phase separation of solvent
and antisolvent mixture in which the lower the mixture tem-
perature the less molar fraction of the solvent, which in turn
shorter wavelength and greater amplitude. Detailed theoretical
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Fig. 1 Wrinkled morphologies of perovskite thin film. a A schematic illustration of the experimental procedure to control wrinkled morphology in the
perovskite film, together with an optical microscope image of the wrinkled morphology having amplitude (A) and wavelength (1). Phase diagrams of the
wrinkled morphology for (b) FA;_,MA,Pb(Br,l,_,); (annealed at 145 °C for 10 min) and (¢) FA;_,Cs,Pb(Brl1_,); (annealed at 145 °C for 10 min) perovskite
thin films with different compositions. Color maps of wavelength (1) and amplitude (A) are presented in the middle panels for each composition. Selected
optical microscope images of a;-a4 and by-b, are presented in the right panels for each composition. d Optical microscope images for the FAg g75Cso.125Pb
(Bro125l0.875)3 perovskite films with different temperatures of Tpg and Ts,p. Scale bar is 50 pm. Dependence of A and 4 values on Tpes at a given Ty, is

illustrated with bar graph on the right panels.

analysis on the effects of T can be found in Supplementary note
1. In addition, there are no wrinkles at sufficiently high Tpg such
as 30°C at a given Tg,, = 15 °C.

Bilayer model for wrinkling mechanism. The formation of
wrinkling can be explained with a simple thin film mechanics
model. In particular, we can employ a bilayer model in which
wrinkles form in the course of relaxation of a compressive stress
developed in the perovskite film. It was reported that the com-
pressive stress is due mainly to the differences in the thermal
expansion coefficients between the perovskite precursor solution

and the substrate!®. Previous study on the wrinkling of perovskite
thin films suggested that the compressive stress can be developed
by the volume change during a fast perovskite formation by using
wafer curvature stress measurements!”. This mechanism requires
relatively long-time wrinkle formation dynamics up to several
minutes to hours!®20, However, we observe that the wrinkles
form within 10s. Therefore, we have developed a more detailed
model by which the overall morphology of wrinkles can be elu-
cidated, as well as the wrinkling mechanism based on previous
reports!”-18, Using a model based on the thin film mechanics, the
wrinkle geometry can be described as a function of the thickness
and mechanical constants of the materials. We also derive
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relationships of A and A of the wrinkles with the compositions
and Tpg (see detailed analysis in Supplementary note 1).

To confirm the wrinkling mechanism, in situ photolumines-
cence (PL) and simultaneous absorption are examined within the
first 24 s of spinning (see ref. 21. for details of the setup). PL and
absorption signals commonly emerge immediately after the
contact with DE with duration of spinning of 10s, indicating
that perovskite phase forms. As shown in Fig. 2a, the PL peak
initially occurs at 712 nm and then shifts to longer wavelengths
from 10s to 24s. A faster change in PL from 712 nm to over
760 nm is observed for Tpg=>5 and 15°C, whereas a more
gradual change is observed for Tpg = 30 °C (Fig. 2b). Extracting
the band edge evolution from the in situ absorption data (Fig. 2¢),
and comparing it to the corresponding evolution of PL peak
position show, that early after dripping diethyl ether, the PL peak
position is at a lower wavelength than the band edge
(Supplementary Fig. 3). We interpret this as the optical signature
of a confinement effect, while the subsequent continuous red-shift
of PL and band edge indicates a more Cs and Br rich
stoichiometry at early times followed by more pronounced
incorporation of FA and I at longer times (see Supplementary
note 2 for details). We also observe that absorbance becomes
stronger at later stage and with increased Tpg. This indicates that
the growth rate of the thin film thickness (hy) is faster for higher
Tpe. The absorbance variation dynamics is translated into the
thin film growth dynamics using the absorption coefficient of the
perovskite thin films and reference data at equilibrium as shown
in Fig. 2d demonstrating that the thickness of the perovskite layer
becomes thinner as Tpg decreases. (see Supplementary Fig. 3d
and Supplementary note 2 for detailed procedure). It is also
notable that the PL red-shift is faster for lower Tpg (Fig. 2b).

From the in situ PL and absorbance spectra, we can propose
that the spin-coated perovskite thin film suffers morphological
evolution from viscoelastic layer to elastic layer-capped viscoe-
lastic bilayer. The formation of the elastic capping layer is due
mainly to the antisolvent, which drives solvents out of the top
part of the coated thin film. In particular, solution of precursor
materials of perovskite in DMSO suffers rapid phase separation
by introducing the antisolvent DE at the top surface of the film.
This leads to the fast crystallization of the top region of the spin-
coated layer, which turns into the thin capping layer. The phase
separation at lower temperature also gives rise to higher
concentration of the perovskite in the top capping layer, which
can explain the dependences of the wrinkle geometry on Tpg, (see
Figs. 1d and 2f, and details in Supplementary note 1with mixing
behavior test in Supplementary Fig. 4). In particular, as shown in
Supplementary Fig. 4, we observe higher miscibility at relatively
higher temperatures (ie., >25.4°C), while phase separation
of DMSO and DE mixture at relatively low temperature (i.e.,
<15.2 °C) indicating less miscibility, whereas dimethylformamide
(DME), the main solvent of precursor solution, is fully miscible
with DE regardless of the mixing temperature. In contrast, the
underlying bottom layer is different from the top capping layer.
In particular, as shown in PL and absorbance spectra at earlier
stage, the underlying layer exhibited no distinct peaks or band
edges signals, and therefore, can be considered as amorphous
layer. In addition, the bottom layer is expected to be viscous as
demonstrated in the supporting experiment, where DE is poured
into the (FAPbI;);_,(CsPbBr;), and (FAPbI;);_(MAPDbBr;),
precursor solution (Supplementary Fig. 5). The viscous pre-
cipitate (Supplementary Fig. 5a, b) is maintained for 2-5 min and
then converted to the solid phase (Supplementary Fig. 5¢c, d),
while precipitates in z>0.25, x> 0.8 and MAPbI; are immedi-
ately transferred to solid phase with high viscosity (#) of about
10°~7 Pa-s (Supplementary Fig. 6). As shown in Fig. 2e for the
case of relatively low dynamic viscosity of the viscous precipitate

(samples shown in Supplementary Fig. 5a, b), the viscosity in
the bottom layer indicates that the layer is assuredly different
from the top capping layer. Based on the in situ absorption
and emission studies, combined with dynamic viscosity measure-
ments, we conclude, that the wrinkled structure is likely formed
via a bilayer intermediate with a perovskite top layer on a viscous
amorphous bottom layer (case 2 in Fig. 2f), while a flat surface
results when not undergoing the bilayer intermediate (case 1 in
Fig. 2f). Interestingly, too high viscosity (solid precipitate) with
the composition of z>0.3 also leads to no wrinkle formation as
shown in the Case 3 in Fig. 2f. This indicates that the compressive
stress of the underlying layer is not dissipated in a local manner,
which results in disordered morphological deformation as shown
in the optical microscope image in the Case 3. These findings are
clearly different from the previous study, suggesting that the

crystallization (or nucleation) occurs from the bottom!”.

Experimental evidence and numerical simulation for bilayer
model. To further confirm the bilayer model for the wrinkling
mechanism, we have numerically simulated the morphological
evolution of the thin film wrinkling based on temporal evolution
of the wrinkle geometry (see details in Supplementary note 3)22.
As shown in Supplementary Figs. 7 and 8, we can find that the
bilayer model provides qualitatively similar wrinkling morphol-
ogies accompanied by two-dimensional (2D) fast Fourier trans-
form (FFT) images to the experimentally observed images. We
have also tested again the bilayer model by examining the optical
diffraction patterns of the wrinkled thin films (Fig. 2g). As shown
in Fig. 2h, the optical diffraction patterns would exhibit different
patterns (i.e., concentric ring patterns for the wrinkled bilayer,
while dot or single ring pattern for the wrinkled monolayer) with
different configurations as denoted in Fig. 2g. Indeed, we observe
concentric ring patterns at glass side (bottom) of film just after
contacted with diethyl ether (10s after spin started), and the
patterns disappears with time, whereas the transmitted concentric
ring patterns was sustained for long time as shown in Fig. 2i. This
can be compared to the diffraction patterns of the wrinkled
perovskite films obtained from reflected side and transmitted side,
which are commonly sustained over long time (Supplementary
Fig. 9a, b). With the theoretical analysis supported by numerical
calculations and experimental observations of the diffraction
patterns, we can suggest that the wrinkling of the perovskite thin
films can be elucidated by a bilayer model.

Comparison of photovoltaic property between wrinkled and
flat morphology. To study the effect of bilayer-engineered
wrinkled perovskite layer to photovoltaic property, current den-
sity(J)-voltage(V) characteristics and external quantum efficiency
(EQE) of PSCs are measured as shown in Fig. 3a, b. It is evident
that the wrinkled morphology affects mainly the open-circuit
voltage (V,.) and fill factor (FF), while J,. remains nearly
unchanged. This is due mainly to a fact that the wrinkled texture
is formed at the back-contact side, and therefore, does provide
negligible effects on the light absorption or anti-reflection.
Indeed, the integrated J,. based on the EQE spectrum in Fig. 3b
is calculated to be 22.318 mA/cm? (Tpg=30°C) and 22.567
mA/cm? (Tpg = 5 °C), which is well consistent with the measured
Jsc values indicating overall change in the light absorption of solar
spectrum induced by the wrinkled morphology is nearly negli-
gible. More specifically, the amplitude of the wrinkles (~100 nm)
is sufficiently smaller than the quarter of the wavelength of visible
and near infrared light. In addition, the spatial periodicity such as
wavelength of the wrinkles is sufficiently greater than the wave-
length of visible and near infrared incident light, which limits the
grating effects of the micro-structures. As listed in Supplementary
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Fig. 3 Dependence of current-voltage curves on Tpg and photocurrent depending on the hills and the valleys. a Current density (J) — voltage (V) curves
of PSCs employing (FAPbI3)g.g75(CsPbBr3)g 125 films formed from different Tpe. Solid and dashed lines represent reverse and forward scanned data,
respectively. b External quantum efficiency (EQE) for each condition. Inset shows EQE from 500 to 800 nm. ¢ Atomic force microscopy (AFM)
topographies of the annealed (FAPbl3)g g75(CsPbBr3)g 125 films deposited on the SnO,-coated FTO substrate at Ts,, =15 °C and at different Tpg of 5, 15,
and 30 °C. 2 and A are estimated to be 13.4 pm and 120 nm for Tpg =5 °C, 17.1 pm, and 62 nm for Tpg =15 °C. d Height profile with respect to the contour
lines in c. @ Photoconductive AFM (pc-AFM) images of the annealed (FAPbI3)g g75(CsPbBr3)o 125 films deposited on the SnO,-coated FTO substrate at
Tsup =15 °C and at different Tpg of 5, 15, and 30 °C on the same areas in c. f pc-AFM data-based photocurrent profile with respect to the contour lines in

core.

Table 1 and Supplementary Fig. 10, the forward- and reverse-
scanned photovoltaic measurements exhibited improvement of
the overall average PCE from 19.46% (Jo: 22.365 mA/cm?, V.
1.123 V, FF: 0.7729) to 21.00%. (Jo: 22.662 mA/cm2, V,: 1.158 V,
FF: 0.8004) upon decreasing Tpg from 30 to 5 °C. In Fig. 3b, we
can identify the possible contributions made by the wrinkled
morphology. For example, in the spectral range between 600 and
750 nm, EQE shows enhancement for the wrinkled morphology
(Tpg =5°C) compared to the flat reference (Tpg = 30 °C). This
enhancement can be attributed by extended collection length (Lc)
of carriers responsible for the longer wavelength incident pho-
tons. The extended charge carrier collection length corresponds
to the longer carrier diffusion length (Lp)23. This implies that the
enhanced photovoltaic performances of the wrinkled morphology
is due mainly to the facilitated transport property of photo-
carriers. To verify the facilitated transport, microscopic pc-AFM
images are measured for the wrinkled sample. As shown in
Fig. 3c-f, pc-AFM images clearly exhibit the strong correlation
between the wrinkle morphology and the photocurrent. In a
device configuration with FTO/SnO,/Perovskite/spiro-MeOTAD

layers, the spiro-MeOTAD layer also exhibits a wrinkle mor-
phology (Supplementary Fig. 11), which indicates that spiro-
MeOTAD layer forms conformal contact with the wrinkled
perovskite thin film without delamination (A is reduced to 70 nm
for Tpg = 5 °C and 25 nm for Tpg = 15 °C). As shown in Fig. 3f, it
is remarkable that the photocurrent is higher for the hill sites with
lower Tpg, while photocurrent for the valley sites is nearly con-
stant regardless of Tpg. The average photocurrent (over the area
of 50 x 50 um?) increases from 62.1 to 69.6 pA and to 76.0 pA as
Tpg decreases from 30 to 15°C and to 5°C. To study the
dependence of perovskite thickness on the measured photo-
current, J-V curves and pc-AFM are measured for the flat
(FAPDI;).g75(CsPbBr3)g 155 films with different film thickness of
477 and 693 nm. As shown in Supplementary Fig. 12, the dif-
ference in the measured J,. and in the pc-AFM photocurrent is
negligible, i.e., AJ,.=0.5 mA/cm? and Aphotocurrent = ~2.9 pA,
respectively. This indicates that the photocurrent difference at the
hill and valley sites is not due to the thickness difference. In
addition, it was reported that the concentration of photo-
generated carriers is reduced to about 1/10 at a depth of
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412 nm under the film surface and to 1/100 at 709 nm as com-
pared to the carrier concentration at near surface (~67 nm)4.
Therefore, it is expected that difference in photocurrent between
477 nm- and 693 nm-thick perovskite layers is <4%. These find-
ings allow us to explore another mechanism for the photocurrent
enhancement given by the micro wrinkle morphology (ie.,
~470 nm (Valley, Tpg = 5°C) and ~700 nm (Hill, Tpg = 5 °C)).

Carrier lifetime of wrinkled perovskite film. One of the possible
contributions of the wrinkled morphology to the photocurrent
enhancement can be found in better crystallinity of the film.
Indeed, although the wrinkling process seems to be hardly changes
the grain size, an enhanced intensity of the (h00) planes with
decreasing Tpg, as could be found from X-ray diffraction mea-
surements (Supplementary Fig. 13), is indicative of a more pre-
ferred orientation of the grains, which could be advantageous to
charge extraction?”. To find the underlying mechanism of the
enhanced photocurrent and overall photovoltaic performances of
the wrinkled morphology perovskite films, we have attempted to
analyze microscopic dynamics of the photocarriers inside the films
at the hill and valley sites. Using fluorescence lifetime imaging
microscopy (FLIM) coupled with time-correlated single-photon
counting (TCSPC), we measure position-specific lifetime map of
the photocarriers in the wrinkled perovskite films. For better
comparison, FLIM images are measured from top and from the
bottom side of each perovskite film. As shown in Fig. 4a, b, it is
evident that the wrinkle morphology (Tpg of 5 and 15°C) is
distinctively and consistently reflected in the microscopic PL
lifetimes maps, where valleys appear brighter than hills (hill and
valley sites in FLIM are identified from the optical microscope
images of the same areas (Supplementary Fig. 14). No composi-
tional changes between hill and valley on top and bottom sides are
confirmed by steady-state photoluminescence (PL) (Supplemen-
tary Fig. 15), which is consistent with previous report?®. We
associate this to the differences in the local layer thickness of hill
and valley, so that the laser induced charge carriers distribute
within a larger volume in case of the hills, leading to a lower
charge carrier density and thus lower PL intensity. In particular,
when comparing the average lifetime of the photocarriers between
top and bottom, it is also evident that the higher the amplitude of
the wrinkles, the greater the difference between the lifetimes of the
carriers at the hill and valley sites. This can also be confirmed by
the nearly constant lifetime maps of the flat sample (i.e., film with
Tpe = 30 °C in Fig. 4a, b). In detail, we analyze the average lifetime
of the photocarriers at the hill and valley sites with time-resolved
PL (TRPL) as shown in Fig. 4c, d. In general, the measured PL
decay at earlier times after excitation is dominated by bimolecular
recombination, while for longer times, it is dominated by mono-
molecular recombination at defects?’. The latter process is
strongly correlated with the defect concentration?8. From the
exponential fitting of the PL decay curve, we can deduce the
decaying rate k, such thatPL(t) o exp(—2- kt) (see Supple-
mentary note 4 for details and Supplementary Table 2). From the
exponential fitting, we found that k; is lower at the hill sites, while
higher at the valley sites. Also, it decreases as Tpg, is lowered (ie.,
3.6 x 10%s~1 or 4.4 x 109 s~ for the spots T-a or T-c (hill sites) vs.
5.7x 100571 or 7.4x10%s~! for the spots T-b or T-d (valley
sites)). The difference in the recombination rate at the hill and
valley sites can be attributed by the difference of the local defect
densities at the hill and the valley sites. It was reported that both
tensile, as well as compressive strain in halide perovskite thin films
lead to an increase in the defect density?®. Areas with higher local
strain can result in faster PL decay®(. Atomistic calculations based
on the first-principle models, the defect density is indeed pro-
portional to the degree of the local strain. Indeed, k; is observed to

decrease with higher amplitude wrinkle morphology (with lower
Tpe), which indicates that defects densities at the hill sites decrease
with amplitude. This can be attributed to the reduced structural
defects such as grain boundary defects at the hill sites because local
strain is additionally alleviated at structural defects!. The reduced
grain boundary defects should be accompanied by the enhanced
uniformity of the grain sizes, which can be checked by the nar-
rower distribution of the grain areas (Supplementary Fig. 16).
Therefore, it is possible to suggest that the wrinkle morphology
provides additional virtue for the hill sites with less defects, which
in turn is responsible for the extended lifetime of the photo-
carriers, which results in the higher photocurrent at pc-AFM
measurement. This can be confirmed again by the comparison of
the photocurrent and average carrier lifetime as shown in Fig. 4e.
As compared in the plot, the average diffusion length of the
photocarriers, which is proportional to the square root of the
lifetime of top and bottom surface, 7,,1/2, is strongly correlated
with photocurrent. Considering a fact that the lifetime is inversely
proportional to defect density (Ny), we can deduce that the hill
sites with higher amplitude is clearly associated with lower defects
than flat or valley sites. Moreover, it is also notable that k; is lower
at the bottom than at the top (i.e., k; = 3.6 x 10°s~! in spot T-a at
the top vs. k; =2.6x10°s~1 in spot B-f at the bottom). This
indicates the bottom side of the films has the lower defect con-
centration. This would confirm again that that the crystal grows
from the top surface (initially crystallized part with more defects)
to the bottom (retarded crystallization in relatively DMSO-rich
environment), which can further allow lower defects. Based on
these observations, we can suggest that the microscopic wrinkle
morphology genuinely gives rise to reduced defects, which con-
siderably extends photocarrier lifetimes, and therefore, increase
the V,. and FF. The decreased defect densities facilitate charge
extraction at the perovskite/electron transport layer (ETL) inter-
face and results in a gain in voltage.

Light soaking stability. Based on the analysis of wrinkling
mechanism and the wrinkle-morphology effects on the opto-
electronic properties, we can proceed to the morphology tailoring
to maximize the photovoltaic performances. We have found the
optimized composition for the best wrinkle morphology such as
FA(.9,Cs0,0sPbBrg 1515 85 including a K-doping approach to pas-
sivate halide ion interstitials due to Frenkel defects®233, where the
K-doped FA9,Cs0.0sPbBrg 15155 results in A =14 um and A =
115 nm at Tpg = 5 °C. With this tailored perovskite thin films, we
obtain a PCE as high as 23.02% along with J,. = 23.536 mA/cm?,
Voc =1.1948 V and FF = 0.8188 (Supplementary Fig. 17). This
optimized morphology also exhibit satisfactory performances of
long-term stability. As shown in Supplementary Fig. 18, from the
long-term light soaking test for over 1000h conducted from
maximum power point tracking (MPPT) under continuous light
illumination (97 mW/cm?), stable performance as high as 83.4%
of the initial PCE (22.09% (0h) to 18.42% (1008 h)) is main-
tained. The decrease in PCE by 11.6% until 432 h (from 22.09 to
19.74% (432 h)) is due mainly to a lowered V. without alterna-
tion in Ji (see inset in Supplementary Fig. 18), which might be
attributed to interfacial defect generated during illumination343>,
after which the photovoltaic parameters remain almost unchan-
ged as confirmed by J-V curves.

In this study, we found the substantial effects of the microscopic
wrinkles on the photovoltaic performances of the perovskite solar
cells. The wrinkling mechanism hinges on the compressive stress
relaxation of the bilayer in the course of spin-coating intervened
by the antisolvent-driven microscopic phase separation of the film.
The wrinkle geometry such as wavelength and amplitude were
systematically controlled by changing the composition, antisolvent

| (2021)12:1554 | https://doi.org/10.1038/s41467-021-21803-2 | www.nature.com/naturecommunications 7

250



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21803-2

[
g
38
@
=
z

TDE = 15 OC
Top :

oT-c

AT-d

TDE = 30 OC

o B-j

Bottom

Te=15 °C
mT-cATd

E10
100 200 300 400

2

T,.=30 °C
nT-e

Top

0 100 200 300 400 0 0 100 200 300 400
Time (ns) Time (ns) Time (ns)
d 105 A T T o: T 1054 T T -o T _105 E T T T T
T, =5 T,.=15°C T,.=30°C
N o Bf OBy 0 B-hO B-i 0 B4
o nt . | L
S 10 10 Top EERT
[0
N
g Bottom =
3 3 3
5 10° 10°F 10°F
P
g Bottom Bottom b Bottom
10? o] L L L L 02 1 ! ! ! 1 102 L L L L
0 100 200 300 400 0 100 200 300 40 0 100 200 300 400
o Time (ns) Time (ns) Time (ns)
2100 3 Photocurrent |13 ‘t
:Q_ 90 —Q— lifetime 12 .qg.»
& 80 ke
5 {11 =
g 70 g
2 60 410 3
50 . 19 f?)

Hill Valley
L T7,.=15°C J

Flat
T,e=30°C

Fig. 4 Carrier lifetime on the hills and the valleys on top and bottom of the sinusoidal wrinkled structures. Fluorescence lifetime imaging microscopy
(FLIM) images on (a) the top and (b) the bottom of the PMMA/(FAPbI3)q g75(CsPbBrs3)g125/Glass device, where the perovskite layers were prepared at
Toe =5, 15, and 30 °C at the given Ts, =15 °C. PMMA (poly(methyl methacrylate)) and glass are top and bottom side, respectively. Insets are gray scale
images. Plots of time-correlated single-photon counting (TCSPC) measured on the selected areas (hill (T-a, B-f, T-c, and B-h), valley (T-b, B-g, T-d, and B-i)
and flat (T-e and B-j) on (c) the top and (d) the bottom surface, where top and bottom sites are illustrated in inset. Imaging area was 50 x 50 pmZ and each
pixel was about ~97 nm in diameter (excitation/PL collection spot: 512 x 512 pixels). e Plot of 7,,"/2 (z,, = (zuii + 7valiey)/2) and photocurrent values from
pc-AFM at hill and valley (three positions of each area) in Fig. 3e of the PMMA/(FAPbI3)q g75(CsPbBr3)g125/Glass device.

8 NATURE COMMUNICATIONS | (2021)12:1554 | https://doi.org/10.1038/s41467-021-21803-2 | www.nature.com/naturecommunications

251



ARTICLE

temperature and substrate temperature. We provided a funda-
mental analysis based on the theoretical model supported by
experiments to elucidate the wrinkling mechanism. In addition,
we also provided the detailed mechanism underlying the
microscopic wrinkle-driven enhancement of photocurrents. From
the experimental observations, we found that the hill sites with
higher amplitude of the wrinkles suffer less defects, which in turn
extended photocarrier lifetime, which results in enhanced photo-
response and V,.. The wrinkling process was also found to be
beneficial to both ETL and hole transport layer (HTL) interfaces
because of a decreased defect concentration in the perovskite.
Based on the understanding the fundamental mechanism of the
wrinkling and its effects on the photovoltaic performances, we
tailored the morphology to maximize the photovoltaic properties,
and could obtain a PCE as high as 23% with satisfactory long-term
stability. We expect the present study delivers a substantial benefit
in further exploring the possibility of enhancement of photovoltaic
performance and stability by tailoring photocarriers via wrinkling
the perovskite films.

Methods

Materials synthesis. Formamidinium iodide (FAI, FA = HC(NH,),") or
methylammonium iodide (MAI, MA = CH;NH;") was synthesized by reacting
20 mL hydroiodic acid (57 wt% in water, Sigma Aldrich) with 10 g of formamidinium
acetate (99%, Sigma Aldrich) or 18.2 mL of methylamine (40 wt% in methanol, TCI)
in an ice bath. After stirring for 30 min, brown precipitate was formed, which was
collected by evaporating the solvent at 60 °C using a rotary evaporator. The solid
precipitate was washed with diethyl ether (99.0%, Samchun) several times, followed by
recrystallization in anhydrous ethanol. The white precipitate was dried under vacuum
for 24 h and then stored in a glove box filled with Ar.

Device fabrication. The patterned FTO glass (Pilkington, TEC-8, 8 Q/sq) was
ultrasonically cleaned with detergent, DI water, ethanol and acetone, successively,
which was treated with Ultraviolet-Ozone (UVO) for 40 min to remove organic
contaminants. The 15 wt% SnO, aqueous colloidal solution (Alfa Aesar) was
diluted to 4 wt%, which was spin-coated on the FTO-coated glass substrates at
3000 rpm for 30s and then annealed on a hot plate in ambient air atmosphere at
185 °C for 30 min. After cooling down to room temperature, the film was exposed
again to UVO for 40 min prior to coating the perovskite layer. Perovskite films with
different compositions were spin-coated using precursor solutions. For example,
the (FAPDI3), g75(CsPbBrs3), 125 perovskite was deposited using a precursor solution
prepared by mixing 0.1505 g of FAI, 0.4034 g of PbI, (99.9985%, Alfa Aesar),
0.0459 g of PbBr, (99.999%, Sigma Aldrich) and 0.0266 g of CsBr (99.999%, Sigma
Aldrich) in 75 pL dimethyl sulfoxide (DMSO, > 99.5%, Sigma Aldrich), 0.525 mL of
N,N’-dimethylformamide (99.8% anhydrous, Sigma Aldrich). The solutions were
filtered with 0.20 um-pore-sized PTFE-H filter (Hyundai MICRO). Prior to coat-
ing, the precursor solutions were mildly stirred at 50 °C for 10 min in ambient
condition to remove unwanted gas molecules dissolved in the solutions. The
precursor solutions (solution temperature was 15 °C) were spin-coated on the
substrate (substrate temperature was 5 °C or 15 °C) at 4000 rpm for 20 s, where
0.35 mL of diethyl ether with different temperature (5, 15, or 30 °C) was dripped in
10 s after spinning. The brownish adduct films were formed right after deposition,
which was heated at 145 °C for 10 min. The 20 pL of spiro-MeOTAD solution,
which was prepared by dissolving 72.3 mg spiro-MeOTAD, 28.8 uL of 4-tert-butyl
pyridine and 17.5 uL of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI)
solution (520 mg Li-TSFI in 1 mL acetonitrile (99.8%, Sigma Aldrich)) in 1 mL of
chlorobenzene, was spin-coated on the perovskite layer at 3000 rpm for 20 s. Whole
coating process was carried out in dry room (RH < 0.3%, 18-20 °C). Finally, 90 nm
of Au electrode was deposited by using a thermal evaporator at an evaporation rate
of 0.05 nm/s. For K-doped FA 9,Cs¢ 0sPbBry 151, g5 perovskite, a precursor solution
was prepared by mixing 0.1592 g of FAI, 0.4449 g of Pbl, (99.9985%, Alfa Aesar),
0.0128 g of PbBr, (99.999%, Sigma Aldrich) and 0.0170 g of CsBr (99.999%, Sigma
Aldrich) in 75 pL dimethyl sulfoxide (DMSO, > 99.5%, Sigma Aldrich), 0.465 mL of
N,N’-dimethylformamide (99.8% anhydrous, Sigma Aldrich) and 60 uL KI solution
(0.166 g of KI (99.999%, Sigma Aldrich) in 10 mL of DMF). The precursor solution
kept at temperature of 15 °C was spin-coated on the substrate (substrate tem-
perature was 15 °C) at 4000 rpm for 20 s, where 0.35 mL of diethyl ether (Tpg =
5°C) was dropped in 10s after spinning. The brownish adduct film formed right
after deposition was heated at 145 °C for 10 min. After the perovskite film was
cooled down to room temperature, 30 uL of 4-fluoro phenylethylammonium iodide
(4F-PEAI) solution (10 mM in IPA) was spin-coated at 6,000 rpm for 20s.

Characterizations. Optical images were obtained by using an inverted optical
microscope (Primo Vert, Carl Zeiss) with objective lens (Primo Plan-ACHROMAT
20x/0.30). Current density-voltage (J-V) curves were measured under AM 1.5 G one

sun (100 mW/cm?) illumination using a solar simulator (Oriel Sol 3A, class AAA)
equipped with 450 W Xenon lamp (Newport 6280NS) and a Kiethley 2400 source
meter. The light intensity was adjusted by NREL-calibrated Si solar cell having KG-5
filter. The device was covered with a metal mask with aperture area of 0.125 cm?.
The External Quantum Efficiency (EQE) spectra were collected by using an QEX-7
series system (PV measurements Inc.) in which a monochromatic beam was gen-
erated from a 75 W Xenon source lamp (USHIO, Japan) under DC mode. Steady-
state photoluminescence (PL) were measured by a Quantaurus-Tau compact
fluorescence lifetime spectrometer (Quantaurus-Tau C11367-12, Hamamatsu). The
film samples were excited with 464 nm laser (PLP-10, model M12488-33, peak
power of 231 mW and pulse duration of 53 ps, Hamamatsu) pulsed at repetition
frequency of 10 MHz for steady-state PL. All measurements were done at room
temperature (~298 K). Viscosity was measured by using rheometer (25 mm alumi-
num parallel plate, TA Instruments, New Castle, DE, USA) at different temperature
with 0.6 rad/s for solid (Zero shear-rate viscosity) and 120 rad/s for liquid of angular
frequency and oscillation strain 1%. The atomic force microscopy (AFM) and
photoconductive AFM (pc-AFM) were measured with a perovskite/SnO,/FTO and a
spiro-MeOTAD/perovskite/SnO,/FTO structured samples, respectively, by using
white LED (light intensity: 0.228 mW/cm?) and 1V of sample bias (NX10 system,
AD-2.8-AS (k= 2.8 N/m, conductive diamond coating, radius = 10 nm) or CDT-
CONTR (k = 0.5 N/m, conductive diamond coating, Park Systems). All images were
obtained under the ambient condition. Ellipsometry measurements were carried out
with the perovskite/c-Si, the SnO,/c-Si and the spiro-MeOTAD/c-Si samples by
using Elli-SE Ellipsometer from 240 to 1000 nm (1.2-5.2 eV) wavelength. In situ
photoluminescence (PL) and UV-Vis absorption were measured while spinning the
samples by custom-built setup. In detail, brushless DC motor (Trinamic BLDC4208)
was connected with the rotatable chuck that was connected with Peltier element
located on a heat diffusor via a cogged V-belt. RPM was controlled with a motor
driver (Trinamic TMCM-1640). To allow quasi-simultaneous detection of both
absorption and PL during processing, a diode laser (520 nm) was supplied on the
substrate and white light (generic cold white LED) was incident above the substrate.
The optical fiber was used for gathering the signals. By using a mechanical chopper
with blade and mirror, light path was separated and gathered spectrometers for
absorption and for PL. The fluorescence lifetime imaging microscopy (FLIM)
measurement was carried out on a PicoQuant MicroTime 200. The FLIM system is
based on an inverted optical microscope (Olympus IX71). A pulsed laser source with
561 nm (PicoQuant) was operated at 2.5 MHz and a fluence of about 0.5 J/cm?2. The
laser was focused on the sample through a high numerical aperture objective lens
(Olympus PlanApo 60x/1.20 water immersion and 100x/0.9 air). The emission from
the sample was passed through a long-pass filter and a 100 um pinhole before being
detected by a single-photon avalanche diode (SPCM-AQRH SPAD, Excelitas
Technologies) and processed by time-correlated single-photon counting (TCSPC)
electronics (Time harp 260 Pico, PicoQuant). The FLIM images were analyzed by
PicoQuant SynPhoTime 64 (v. 2.4.4874).

Long-term stability test. Long-term light soaking test for over 1000 h was con-
ducted by exposing the unsealed device to a white LED light with intensity of 97
mW/cm? (0.97 sun) in N, glove box at temperature ranging between 25 and 31 °C,
where UV filter (Schott, GG-400) was applied to the device and pre-conditioning
was performed before light soaking experiment by aging the fresh device for 96 h
under 0.6 mW/cm?. The J-V curves and the steady-state PCE at maximum power
point tracking (MPPT) were measured every 12 h or 24 h in dry room with relative
humidity of <5% using a solar simulator (VeraSol-2 LED Class AAA Solar
Simulator (Newport), 100 mW/cm?). After each measurement, the devices were
stored under 0.97 sun illumination in N, globe box again. The metal mask with
aperture area of 0.10 cm? was placed on top of the cell.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Supplementary Fig. 1. Optical microscope images of the surface morphology of perovskite
films with different compositions for (a) FAi..MAPb(Br,l:.,)3, (annealed at 145 °C for 10 min)
(b) FA1.Cs:Pb(Br,li.,)3 (annealed at 145 °C for 10 min) and (¢) MA1.,Cs,Pb(Br,li.,)3 (annealed
at 100 °C for 10 min). (d) Wrinkled phase diagrams of MA.,Cs,Pb(Br,11.)3 perovskite thin

films with different compositions, together with color maps showing almost no wrinkled
morphologies.
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Supplementary Fig. 2. Optical microscope images of the surface morphology of perovskite
films with the composition of (FAPbI3)1-.(CsPbBr3); (a) before and (b) after annealing at 145
°C for 10 min. (c) Optical microscope images of the surface morphology of the non-annealed
(FAPbI3)1.«(MAPDBI3)x perovskite film. Effect of the composition on wavelength (1) of the
wrinkled films for (d) (FAPDbI3)12(CsPbBrs3); and (e) (FAPbI3)1x(MAPbLBr3)x perovskite film
before and after annealing. All the images were obtained with temperature conditions of Tsub
=15°C and Tpe = 15 °C.
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and band edge energy (black triangles) as a function of perovskite layer thickness during spin
coating for three different temperatures of diethyl ether. The band edge energy was determined
by fitting the band edge of the spectrum at the end of each measurement, to all prior spectra,
where the fitted spectrum was allowed to be shifted in energy and scaled in intensity. (d)
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Supplementary Fig. 4. Digital photographs of the mixture of DMSO and diethyl ether (1:8
v/v) at different solution temperatures of (a) 30.9 °C, (b) 25.4 °C, (c) 15.2 °C, and (d) 5.6 °C.
(e) Photograph of the solution prepared at 5.6 °C showing that the solution was spontaneously
frozen. Photographs of the mixture of DMF and diethyl ether (1:8 v/v) at different solution
temperatures of (f) 29.6 °C and (g) -1.9 °C.
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Supplementary Fig. 5. Photographs of the solution formed by pouring diethyl ether (7pg = 15
°C) into a vial containing (a) (FAPbI3)i-(CsPbBr3). and (b) (FAPbI3)1x(MAPbBr3), precursor
solution. The solution was prepared by mixing 1 mL of the precursor solution and 15 mL of
diethyl ether, which was followed by extracting the supernatant and then pouring diethyl ether,
which was repeated four times to remove DMSO and DMF. The viscous precipitates were
formed with range of 0 < z < 0.2 for (FAPbI3)i.(CsPbBr3). and 0 < x < 0.6 for (FAPbI3):-
«{(MAPbBr3), while the precipitates were immediately formed as solid phase for z = 0.25 and
0.3 in (FAPbI3)1A(CsPbBr3).,x = 0.8 and 1 for (FAPbI3)1-.(MAPDbBr13),. In about 5 min, the
solutions (a) and (b) were solidified, which was shown in (c) and (d), respectively.
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Supplementary Fig. 6. Viscosity of solid precipitates in (a) (FAPbI3):-(CsPbBr3). and (b)
(FAPDbI3)1..(MAPbBr3)x. The viscosity of solid precipitate of MAPbI3 (star symbol in (a)) was
also measured.

s6

259



2D PSK film wrinkle 2D FFT of the Cross-sectional profile

morphology o wrinkle pattern of wrinkles
240 nm

X-Cross

-240 nm
y-Cross

P

MWMFVAMMM

=207

t

=507

t

=1007

t

2007

-

Zop
IR AN
(R

t

N

5007

ﬂﬂﬂéﬂll

t

10007

t

Supplementary Fig. 7. Numerical simulation results of the morphological evolution of
perovskite (PSK) wrinkles of elastic-viscoelastic bilayer. 7 denotes dimensionless time scale.
The left column is for the time-dependent surface wrinkle morphology. The inset for 10007
shows a 5 times magified image. The middle column is the 2D FFT patterns of the wrinkles.
The right column is the cross-sectional profiles of the wrinkles along the horizontal (namely x-
cross) and vertical directions (namely y-cross).
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Supplementary Fig. 8. Comparison of the morphologies of the wrinkle pattern obtained from
(a) numerical calculation and (b) experimental observation. 2D FFT patterns for (c)
numerically calculated wrinkles and (d) experimentally observed wrinkles (c for a and d for b).
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Supplementary Fig. 9. (a) Schematic representation of setup for measuring optical diffraction
pattern at top surface of bilayer perovskite film. (b) Photographs of the reflected (up) and the
transmitted (down) optical diffraction patterns at top surface as function of spin coating time
(11 s, 12 s, 14 s and 16 s) after perovskite precursor was contacted with diethyl ether at 10 s.
Tsw= 15 °C and Toe= 5 °C. (¢) UV-Vis spectrum of glass substrate and viscous precipitate
obtained by pouring diethyl ether to the (FAPbI3)o875(CsPbBr3)o.125 perovskite precursor

solution.
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Supplementary Fig. 10. Statistical photovoltaic parameters of (a) Jsc, (b) FF, (¢) Voc and (d)
PCE for the (FAPbI3)0.875(CsPbBr3)o.125 PSCs as function of 7pe (5 °C, 15 °C and 30 °C),
measured at a scan rate of 130 mV/s under A.M. 1.5G one sun illumination (100 mW/cm?).

Aperture mask area was 0.125 cm?.

0

0 10 20 30 40 50
X (um)

100

Height (nm)

50

0
0 10 20 30 40 5

X (m)

0
0

10 20 30 40 5

X (um)

__ FTO/SnQOz/Perovskite/spiro-MeOTAD, |

Toe

=—— 5°C = 15°C = 30°C ]

10

20

30
y (um)

40

50

Supplementary Fig. 11. AFM image showing the spiro-MeOTAD surface in the
glass/FTO/SnO2/(FAPbI3)0.875(CsPbBr3)o.125/spiro-MeOTAD device, where the perovskite
layer was formed from 7Tpe = (a) 5 °C, (b) 15 °C and (c) 30 °C. (d) Height profile along the y-
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Supplementary Fig. 12. (a) J-V curves of PSCs (FTO/SnO2/Perovskite/Spiro-MeOTAD/Au)
employing the flat (FAPDbI3)o.875(CsPbBr3)o.125 films, formed at 7pg = 30 °C, with different
thickness of 693 nm and 477 nm. (b) Photocurrent profiles of the flat
(FAPbI3)0.875(CsPbBr13)0.125 films (FTO/SnO»/Perovskite) depending on film thickness. Inset is
height profile of (FAPbI3)0.875(CsPbBr3)o.125 films.
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Supplementary Fig. 13. (a) XRD pattern of the (FAPbI3).875(CsPbBr3)o.125 perovskite films
formed from 7pe=5 °C, 15 °C and 30 °C. Peaks with # are corresponding to FTO. SEM images
of perovskite surface measured at hill and valley region (see cartoon) for 7pg = (b, ¢) 5 °C and
(d, ) 15 °C. (f) SEM image of the flat surface formed from 7pe = 30 °C.
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Supplementary Fig. 14. (a) An optical microscope image and (b) the corresponding FLIM
image of the (FAPDI3)o.875(CsPbBr3)o.125 film, taken over the same region (dimension = 100 um
%100 pum) to identify hills and valleys of the wrinkled morphology.

s12

265



- [ — AT [ meeeanenanss SLCINERRINTNRIRSTSUUTNTS
- L 'TI'DE: 5°C o Whole (763.93 nm) | Toe= 5°C 5 whole (764.40 nm) | Toe= 30°C féﬁéﬁ?&g;gﬁ%
= Hill  (764.27 nm) 7] > [ o Hill  (764.06 B o
g 3 op ° Valley (763.60 nm) | 5 L Bottom o v;||ey((7e4.57 r?rr:)) ‘g Top  (763.95 nm)
'.q__‘) c E c
= 2 2
- = £
- 1
g 2 3
S £ £
pzd =} o
z zZ
650 700 750 800 850 650 700 750 800 850 650 700 750 800 850
Wavelength(nm) Wavelength(nm) Wavelength(nm)

Supplementary Fig. 15. Steady-state PL spectra of (a) the top surface and (b) the bottom
surface of the annealed (FAPbI3)0.875(CsPbBr3)o.125 perovskite film with temperature conditions
of Tsw =15 °C and Tpe = 5 °C. (c¢) PL spectra of top and bottom surface of the annealed
(FAPDI3)0.875(CsPbBr3)o.125 perovskite film with temperature conditions of Tsu,= 15 °C and Tpe
=30 °C. The surface area for PL measurement was 50x50 um?. Since the films formed at Tsub
=15 °C and Tpe= 5 °C showed the wrinkled morphology, PL for hill and valley was measured
together with the whole film surface area.
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Supplementary Fig. 17. (a) J-V curve of PSC employing the K-doped FA¢.92Cs0.0sPbBro.1512 .85
perovskite (Tsup= 15 °C and Tpg = 5 °C). The ratio of [Pb*"] to [K*] = 0.006. Data were collected
under A.M. 1.5G one sun illumination at scan rate of 260 mV/s. Aperture area was 0.1 cm?. (b)
Optical microscope image of the K-doped perovskite film.
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Supplementary Fig. 18. Light soaking test under continuous illumination with an intensity of
97 mW/cm? at temperature ranging 25-31 ©°C. Perovskite composition of
FA0.92Cs0.08PbBry 1512 85 with KI additive formed from 7pe = 5 °C was employed for long-term
stability measurement. The aperture area was 0.10 cm?. Inset shows J-V curves measured at
different light soaking time.
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Supplementary Table 1. Photovoltaic parameters of short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) for the PSCs
employing (FAPbI3)o.875(CsPbBr3)o.125 perovskite films formed by different Tpes. Tsuw was
15 °C.

Toe (°C)  Scan direction J (mA/cm’) Voe (V) FF PCE (%)
Forward 22.663 1.157 0.7997 20.97
5 Reverse 22.661 1.159 0.8010 21.04
Average 22.662 1.158 0.8004 21.00
Forward 22.484 1.139 0.7811 20.00
15 Reverse 22.447 1.142 0.7848 20.12
Average 22.466 1.141 0.7830 20.07
Forward 22.353 1.121 0.7721 19.35
30 Reverse 22.377 1.124 0.7736 19.46
Average 22.365 1.123 0.7729 19.41
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Supplementary Table 2. Fitted parameters of fluorescence decay curves for the top surface
(Top) and the bottom area (Bottom) of (FAPDI3)o.875(CsPbBr3)o.125 films depending on Tpes.

Toe Spot* 7 (ns) ki (x 10%s?)
T-a 136.5 3.6
5°C (Top)
T-b 87.4 5.7
T-c 112.2 4.4
15°C (Top)
T-d 67.5 7.4
30°C (Top) T-e 72.4 6.9
B-f 191.7 2.6
5 °C (Bottom)
B-g 162.3 3.1
B-h 166.4 3.0
15 °C (Bottom) i
B-i 159.3 3.1
30 °C (Bottom) B-j 136.1 3.7

*Spots are marked in Fig. 4a-f in the main text.
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Supplementary Note 1

Theoretical Analysis of Wrinkling of a Bilayer System

1. Calculation of the governing wavelength of the wrinkle

To describe the wrinkling of a perovskite thin film observed in experiments, we can employ a
simple elastic-viscoelastic bilayer model as suggested by Im and Huang [1]. In the model, the
system is modeled as an elastic layer (hereafter denoted as a subscript f)-capped viscoelastic
substrate (hereafter denoted as a subscript S). Using a linear perturbation analysis, the
wrinkling morphology can be approximated as a sinusoidal function with amplitude of 4 and
period (wavelength) of A. The development of the wrinkled morphology follows a dynamics
governed by the fastest growing mode, which can be expressed with a growing constant «

such that

12(1 — v¢?)o, 2T
a o — k%ﬁ—% == (S1)
f

where A¢ is the thickness, v¢ is Poisson’s ratio, and Ef is elastic modulus of the elastic
capping layer, respectively. The wrinkling results from the relaxation of the in-plane
compressive stress denoted as a. The origin of the in-plane stress comes from the difference
of mechanical responses of the elastic capping film and the underlying viscoelastic substrate.
For example, we can suggest that the difference is due mainly to the thermal expansion
coefficient of the two layers [2]. The absolute value of the compressive stress developed by

discrepancy of the thermal expansion coefficients can be expressed as follows.

(AaAT)ES

lao| = (52)

h E.
HF-v+FA-w)

where Aa denotes the difference of thermal expansion coefficients of the two layers, vg, Eg
and H are Poisson’s ratio, elastic modulus, and the thickness of the underlying viscoelastic
substrate, respectively. The strain developed by the thermal expansion discrepancy is assuredly

proportional to the temperature change AT. For most of the elastic-viscoelastic bilayer system,

% « 1, and therefore, we can simplify eq (S2) as follows.
f
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With the information on ¢, in eq (S3), we can proceed to calculation of the fastest growing

Jda
Oklp=k

mode for the wrinkling amplitude from a relationship of =0,kc = j—", where A
C C
denotes the characteristic wavelength of the wrinkle corresponding to the fastest growing

amplitude, which results in

1/2

Ae = nBh f = (it S
c=1p f:ﬁ=<3(1_—vf2)0_0) (54)

The critical compressive stress corresponding to can be calculated as follows [1],
1/2

_ —2h¢Egpug
e (3(1 —2ve)(1 + vS)H) (55)

where pg denotes the rubbery modulus of the underlying viscoelastic layer. In the case in
which |ay| is greater than |oc|, the bilayer system suffers morphological instability which is
initiated by small fluctuation of thickness. The small fluctuation is spontaneously evolved into
the wrinkle patterns with growing amplitude. From eq (S2) and (S4), we can obtain the
dependence of on the thickness of the bilayer as follows.

1/2

Ac o hg (g) (S6)

At equilibrium, typical wrinkle morphology exhibits amplitude which is considerably smaller
than period (i.e., A/A < 1). For example, in our experiments, A/A~1072. Considering this
fact, we can further calculate in-plane strain of the wrinkled bilayer, &, by calculating expanded

areas of the wrinkled surface relative to the flat surface such that

1/2
_Al_fo/l(1+Azsir12kx) dx—2 (4A+) -1 44

A A A 2 (57)

&

From eq (S3) and (S7), we can deduce an additional relationship between and thickness of the

bilayer such that
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Using eq (S6) and (S8), it is also possible to obtain a relationship of as a function of the bilayer

thickness as follows.

Ao H (h—) (59)

2. Effects of antisolvent temperature on the wrinkle morphology

As shown in Fig. 1d, the major factor governing the wrinkle morphology of a perovskite thin
film is the temperature of antisolvent diethyl ether (7pg). At fixed temperature of the substrate
(Tsuw), we observed that A increases while A decreases with increasing 7Tpe. Using the bilayer
model suggested in the previous part, we can explain these dependences on 7pe. The role of
the antisolvent is to drive solvent (i.e., DMSO) out of the spin-coated perovskite precursor film
by inducing phase separation. For the sake of simplicity, let us assume that the spin-coated
layer form bilayer mixture such that DMSO solution containing perovskite precursors and DE.
Due to the limited miscibility of DMSO and DE, the mixture suffers phase separation, and the
separation can be modeled as spinodal decomposition. For a simple binary mixture which
suffers thermodynamic instability, the free energy density of the mixture, AF, can be modeled

as a function of the composition of one of the components, ¢ [3],

AF =y¢p(1 = ¢) + kgT(Pplog¢p + (1 - ¢)log(1 - ¢))

where y denotes a constant concerning the interaction energy of two components and kg is
the Boltzmann constant. In a typical temperature (T)-composition (¢) phase diagram of a
binary mixture, spinodal decomposition results in two phases containing high and low
compositions. In the case of DMSO solution and DE binary mixture, the molar fraction of
DMSO solution in the DMSO-rich phase and the DE-rich phase can be expressed as 1 — ¢4
and ¢4, respectively. Considering a fact that DMSO-solution has higher density, the separated
phases form bilayer composed of upper layer containing dilute DMSO-solution and lower layer
containing higher concentration of DMSO-solution. Without losing generality, for DMSO-
dilute phase, the (upper) elastic film thickness would be proportional to ¢4, while the (lower)
viscoelastic layer thickness would be proportional to 1 — ¢p4. Therefore, using eq (S6) and

(S9), we can proceed to expression of 4 and A as a function of ¢4 as follows
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1/2

)« -2 ax -0

1/2

) -0 (s10)

h¢

1—¢q

h¢

1—¢q

Acochf<

In eq (S10), we assumed that the thickness of the initially formed elastic layer is not dependent

of ¢d'

Based on a typical phase diagram of spinodal decomposition, we can find that ¢4 increases
as the temperature of the binary mixture increases approaching the critical temperature.
Therefore, ¢4 for the case in which DE temperature is relatively low (i.e., Tpg = 5 °C) is
smaller than ¢4 for the cases of relatively high DE temperature (i.e., Tpg = 15 °C). Then, from
eq (S10), we can find that the lower the value of 7Tpg, the lower the value of ¢4, and therefore,
Ac increases while A decreases. This can explain the experimental observation of the changes

of Ac and A with different 7pE, as reported in Fig. 1d.
3. Effect of the composition of perovskite materials on the wrinkling

We observed that the substitution of FA with Cs or MA and I with Br resulted in the decrease
in A and the increase in A at a certain substitution ratio. The smaller size of the substituents can
increase oo, which increase 4 according to eq (S3) and (S4). Regarding the increased 4, # is
decreased with increasing the amount of Cs and Br or MA and Br (see Fig. 1b and c). According

to ref S12, amplitude (4) is derived function of dimensionless growth rate (s), characteristic

st

time scale () and formation time (¢) (A = Age=, s = a-ur/Er and © = n/Es). The 4 is
exponentially anti-proportional to #. Therefore, when 7 is decreased, 4 is enlarged. Except for
the specific ratio, however, the compositions with z > 0.25 or X > 0.8 formed a solid bottom
layer, which leads to a very large  (see Supplementary Fig. 6) and thereby a significant
increase of characteristic time scale (7) to about 10~10° times, resulting in less formation of

wrinkled texture.
4. Effect of the annealing condition on the wavelength of the wrinkles

Given a condition of a0 > a¢, wrinkling starts with long wavelength (40) which will be eventually
narrowed and saturated as the stress is being relaxed until oo = ac [4]. However, in perovskite
film formation process, Ao cannot be saturated because the bottom layer is solidified before it
is saturated, which may lead to a residual compressed stress after spin-coating [5]. The slight

decrement of 4 after annealing is evidence of the presence of residual stress because the
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relaxation of residual stress will further decrease A as shown in Supplementary Fig. 2d-e.
5. Null contribution of Erand v¢

Erand vrcan be also assumed to be constant due to a small difference in Ef between 10.2~11.8
GPa for FAPbI; and 9.7~12.3 GPa for FAPbBr3; even upon replacing iodide with bromide [6]
and small v of perovskite (0.28~0.33) [7].

6. Effect of Tsu

At fixed temperature such as 7Tpg = 15 °C, 4 increases, while 4 decreases with increasing Tsup
from 5 °C to 15 °C (see Fig. 1d). Upon increasing s, /r is expected to increase because the
miscibility between DMSO and diethyl ether is enhanced by elevating 7su. This can lead to an

increase in /ir but decreases in A.

Supplementary Note 2

The PL peak position Eo and width o were extracted by fitting each frame of the PL data with

— _ -1
a hyperbolic secant, according to PL(E) = I, [exp (— £ UE") + exp (E EO)] . The band edge

g

energy was determined by fitting the band edge of the spectrum at the end of each measurement,
to all prior spectra, where the fitted spectrum was allowed to be shifted in energy and scaled in
intensity. For comparison with PL, the band edge was shifted in energy to match the final PL

peak position.

The PL peak position as well as the band edge energy continuously shift to lower energies upon
increasing perovskite layer thickness. Above approx. 100 nm (longer times), the shift of the PL
peak position and band edge are nearly identical, and the PL peak width is constant. Below
approx. 100 nm (shorter times), the shift of the PL peak is steeper and accompanied by a
pronounced decrease of the PL peak width. A shift of the band gap / PL peak to higher energies,
together with an increased PL peak width are characteristic for a quantum confinement effect,
which decreases with increasing layer thickness [8-12]. We note that the thickness of 100 nm,
which is where the decrease of o stops, is far above the confinement limit reported for halide
perovskites (~ 25-30 nm) [13-15]. This suggests that even though the average layer thickness
is above the confinement limit, individual grains can still be very small and can have limited

electronic interaction with adjacent grains. The PL quantum efficiency of such grains is
s23
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enhanced by the quantum confinement effect [16], so that they contribute overproportionally
strong in the PL spectra. The slower shift for longer time could either stem from a change in
stoichiometry or a decreasing confinement effect. Since the PL peak width remains constant
during this shift, we can exclude a decreasing confinement effect as cause for this spectral shift,
so we associate it with a change in stoichiometry during spin coating (not annealed film). This
indicates a preferential formation of a bromine-rich phase, possibly e.g. due to differences in
the enthalpy of formation, as reported for MAPbI3 and MAPDbBr3 [17], or different diffusivity
in solution of the different compounds. By comparison with another mixed halide perovskite,
MAPDI;,Br, [ 18], we are able to estimate the change in stoichiometry during spin coating. The
observed shift of the band edge and PL peak position by about 50 meV corresponds to a change
from y = 0.5 to y = 0.375, which would correspond to a change of material composition from
(FAPDI3)0.833(CsPbBr3)0.167 to (FAPbI3)0.875(CsPbBr3)o.125 in our case, (based on the assumption
that the latter is the final film stoichiometry).

Supplementary Note 3
Evolution of the wrinkle pattern of the bilayer

To confirm the wrinkling mechanism of a bilayer structure observed in our experiments, we
provide a computer simulation of the temporal morphological evolution of the surface wrinkles
of the bilayer. For this simulation, we employed a typical finite-difference method for 2D
simulation box (800x800) with periodic boundary condition. According to the theoretical and
numerical scheme suggested by Im and Huang [1], we modeled the morphological evolution
of the bilayer wrinkles as shown in Supplementary Fig. 7. As shown in Supplementary Fig. 8§,
one can find that the simulated wrinkle morphology is similar to the experimentally observed
morphology. The similarity is confirmed again by comparing the 2D fast Fourier transform (2D
FFT) signals obtained from the simulated and experimentally observed morphologies, in which
isotropic wrinkles pattern with notable concentric ring patterns which correspond to the
characteristic length scale (i.e., Ac) of the wrinkles. The computer simulated bilayer wrinkle
morphology strongly supports that the wrinkling mechanism of the perovskite thin film hinges

on the relaxation of the in-plain compressive stress developed in the elastic-viscoelastic bilayer.
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Supplementary Note 4
Analysis of charge carrier density from PL intensity

The charge carrier recombination in halide perovskites is given by

dan(t)
dt

= — kyn(t) — kyn(0)? — kyn(0)®, (S11)

where ki is associated with mono-molecular, trap-assisted recombination, 4> is the rate constant
for bimolecular and in this case radiative recombination, and k3 is the rate constant for Auger-
recombination. In general, this leads to a non-exponential decrease of the charge carrier density

and accordingly of the PL intensity, which is proportional to
PL(t) o k,n(t)?. (S12)

However, for low charge densities, i.e. for low excitation densities or long delay times, the
mono-molecular recombination becomes dominant and the change of charge carrier density is

given by

dn(t)
dt

~ —kyn(t). (S13)
Thus, the temporal evolution of the charge carrier density is given by
n(t) = ngexp(—k,t). (S14)
Inserting this into eq. S12 yields a mono-exponential decay of the PL intensity according to
PL(t) o k,n(t)? =~ kyn3 exp(—2k,t). (S15)

The PL decay for low charge carrier densities thus depends on the mono-molecular

recombination constant and contains information about the trap density in the material.
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