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1 Abstract
1.1 English Abstract

Organo lead halide perovskites have emerged as the pioneer of new photovoltaic materials in
the last decade, because their extraordinary optoelectronic properties lead to corresponding
highly efficient photovoltaic devices. Although a lot of researchers worked on these materials
in very recent time, many fundamental questions still remain unanswered to date. One of them
is the material instability which can be induced by illumination and external electric field. As
these two factors unavoidably play a role under operational conditions of perovskite solar cells
(PSCs), it is significant to find out their influence factors and to minimize their impacts. Two
peculiarities related to the photo- and electric-induced instability, which impede the stable
output of PSCs, are studied in this thesis. One is that the power conversion efficiency (PCE) of
PSCs declines quickly under continuous illumination. The second one is that the current
density-voltage (J-V) curve of PSCs shows hysteresis, depending on the respective
measurement conditions.

In order to clarify the first problem, a wide-field photoluminescence (PL) microscope was
employed to study the local changes of perovskite films under illumination. The investigation
in Chapter 4 presents that perovskite individual grains/nanocrystals exhibit PL intermittency,
indicating the spacially confined transitions between bimolecular recombination and Auger
non-radiative recombination. This reflects that a large number of ions/defects exists in
polycrystalline perovskite films and those in most cases can result in poor emission properties.
Chapter 5 discusses the observed decrease of local PL, while at the macroscale the PL enhances.
The decrease in PL intensity happens at a similar timescale as the PCE decay of PSCs. Hence,
we propose that this local PL quenching is related to the photo-induced PSC deterioration.
Combined with the observations regarding the PL blinking in Chapter 4, this behavior is
attributed to the accumulation of ions/defects by light soaking. In a working PSC, the ion
redistribution under illumination leads to the decrease of external luminescence, which will
directly influence the open circuit voltage (Voc) and the PCE.

The J-V hysteresis problem has attracted attention in the field and studies manifest that phenyl-
C61-butyric acid methyl ester (PCBM) can suppress hysteresis. Besides the positive effects of
trap state elimination by PCBM, Chapter 6 demonstrates that PCBM hinders the migration of
iodine related defects under working bias, which is supposed to be responsible for hysteresis.
The retarded ionic migration is proven by PL microscopy investigations and by the increase of
its activation energy estimated from temperature-dependent chronoamperometric
measurements. Using a PCBM-grafted polymer as an interfacial layer in PSCs, hysteresis is
still pronounced compared to the device with a PCBM layer. It indicates that the diffusion or
incorporation of PCBM molecules in the perovskite material is crucial, as the diffusion of
PCBM molecules that are grafted on polymer backbones is strongly impeded. Thus, PCBM
molecules in the bulk of the perovskite suppress iodine ions or vacancies migration, moderating
the built-in field shift in PSC caused by external bias.

Chapter 4 and Chapter 5 highlight that the PL intermittency and local PL intensity decay
phenomena are weakened by the PCBM layer, while in Chapter 6 the passivation of mobile
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ions or vacancies by PCBM is emphasized. These investigations suggest a way to eliminate the
photo- and electric-induced negative effects by the use of additives or interfacial layer. Apart
from this method, the preparation of high-quality perovskite films is another important way.
The high-quality film typically exhibits less defect states and mobile ions in the material and
can improve the PSC stability. Perovskite films with less grain boundary area, i.e. with large
grain sizes, also have the similar effect. Hence, Chapter 7 and Chapter 8 focus on the control of
perovskite film formation by looking into the perovskite film evolution during spin coating and
annealing.

In Chapter 7, absorption and PL spectra were in-situ recorded when methylammonium iodide
(MAL) dissolved in dimethylformamide (DMF) was spin coated on a Pbl2 layer. The results
reveal that the crystal formation occurs in the first 20 seconds. We firstly explicitly analyzed
the optical properties on this time scale. In brief, the formation of MAPDI3 capping layer and
its dissolution-recrystallization were the major changes detected during spin coating. As the
dissolution-recrystallization process strongly influences the final film quality, it is important to
control the speed of this process. Furthermore, developing an in-depth understanding of the
measured optical spectra allows us to explore the change of the film thickness during the spin
coating and the respective phases of perovskite formation.

In Chapter 8, with the assistance of a solvent vapor assisted annealing method, we could grow
perovskite films with large grains and concomitantly minimize grain boundary area and defect
densities. From in-situ grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements, it is found that DMF vapor treatment during annealing slows down the
crystallization. By systematically increasing the vapor concentration, it is possible to enlarge
the crystal size. However, too high DMF vapor concentrations lead to the formation of pinholes,
as DMF can liquefy and partially dissolve perovskite crystals. This work indicates that the
precise control of solvent vapor assisted annealing is necessary to obtain high-quality perovskite
films.
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1.2 Deutsche Kurzzusammenfassung

Organo-Blei-Halogenid-Perowskite haben sich im letzten Jahrzehnt als ein vielversprechendes
neues Photovoltaik-Material mit interessanten optoelektronischen Eigenschaften herausgestellt,
die bereits zur Demonstration hocheffizienter Soarzellen gefiihrt haben. Trotz den intensiven
Forschungen an diesen Materialien, bleiben viele grundlegende Fragen bis heute unbeantwortet.
Eine von diesen ist die Materialinstablitit, welche durch Beleuchtung oder externe elektrische
Felder beeintrachtigt werden kann. Da diese beiden Faktoren unter Betriebsbedingungen von
Perowskit-Solarzellen (PSCs) unvermeidlich eine Rolle spielen, ist es wichtig, ihre
Einflussfaktoren herauszufinden und deren Auswirkungen zu minimieren. In dieser Arbeit
werden zwei Besonderheiten im Zusammenhang mit der photo- und elektrisch-erzeugten
Instabilitdt erforscht, die die stabile Leistung von Perowskit-Solarzellen beeintrachtigen. Der
eine ist, dass der Wirkungsgrad (PCE) von Perowskit-Solarzellen bei andauernder Beleuchtung
abnimmt. Der andere Aspekt ist, dass die Stromdichte-Spannungs-Kennlinie (J-V-Kennlinie)
von Perowskit-Solarzellen abhidngig von den entsprechenden Messbedingungen eine Hysterese
zeigt.

Um das erste Problem zu kldren, wurde mittels Weitfeld-Photolumineszenzmikroskopie die
lokalen Verdnderungen von Perowskitfilme unter Beleuchtung untersucht. Die Ergebnisse in
Kapitel 4 zeigen, dass einzelne Perowskit-Kristallkorner/Nanokristalle Unstetigkeiten in ihrer
Photolumineszenz (PL) aufweisen, was auf rdumlich begrenzten Wechsel zwischen
bimolekularer Rekombination und nicht strahlender Auger-Rekombination hinweist. Dies
spiegelt die groBe Anzahl an Ionen/Defekten in polykristallinen Perowskitfilmen wider, und
diese konnen in den meisten Féllen zu schlechten Emissionseigenschaften fithren. In Kapitel 5
wird die beobachtete Abnahme der mikroskopisch lokalen PL Intensitit diskutiert, wéhrend auf
makroskopischer Ebene eine Zunahme der PL beobachtet wird. Die Abnahme der PL Intensitét
findet auf einer dhnlichen Zeitspanne wie die Abnahme des Wirkungsgrades der Perowskit-
Solarzelle statt, was einen gegeseitigen Zusammenhang nahelegt. Kombiniert mit den
Beobachtungen beziiglich des PL-Blinkens in Kapitel 4, wird dieses Verhalten auf die
Akkumulation von Ionen/Defekten durch Lichtabsorption zurlickgefiihrt. Bei einer PSC fiihrt
die Ionenunverteilung unter Beleuchtung zur Abnahme der externen Lumineszenz, was sich
direkt auf die Leeraufsapnnung (Voc) und den Wirkungsgrad auswirkt.

Das Problem der J-V-Hysterese hat unter Forschern grofle Aufmerksamkeit auf sich gelenkt
und Studien zeigen, dass Phenyl-C61-Buttersduremethylester (PCBM) die Hysterese
unterbinden kann. Neben den positiven Effekten der PCBM basierten Eliminierung von
Fallenzustinde, zeigt Kapitel 6, dass PCBM die Migration von mit Jod assoziiereten Defekten
verhindert, was fiir einem erheblichen Teil der Hysterese verantwortlich gemacht wird. Die
verminderte lonenmigration wird durch PL-Mikroskopieuntersuchungen nachgewiesen.
Ebenso wird eine Erhohung der Aktivierungsenergie von lonenemigration gemessen, welche
aus temperaturabhingigen chronoamperometrischen Messungen abgeschitzt wurde. Zum
Vergleich dient eine Grenzflachenschicht aus polymerisiertem PCBM in den Perowskit-
Solarzellen, wo die Hysterese im Vergleich zu dem Bauteil mit einer reinen PCBM-Schicht
immer noch ausgeprigt ist. Dies deutet darauf hin, dass die Diffusion oder die Inkorporation
von PCBM-Molekiilen im Perowskit-Film von entscheidender Bedeutung ist, da die Diffusion
von PCBM-Molukiilen, die auf die Polymerhauptketten aufgepfropft sind, stark behindert wird.
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Weise unterdriicken PCBM-Molekiile im Perowskitfilm die Migration von Jodionen oder
Leerstellen und moderieren so die ,,built-in*“ Feldverschiebung in der PSC.

In Kapitel 4 und Kapitel 5 wird gezeigt dass die Phanomene der PL-Intermittenz und des lokale
Intensitatsabfalls der PL durch eine PCBM-Schicht geschwéacht werden, wahrend in Kapitel 6
die Passivierung mobiler lonen oder Leerstellen durch PCBM behandelt wird. Diese
Untersuchungen schlagen einen Weg vor, die photo- und elektrisch-erzeugeten negativen
Effekte durch die Verwendung von Additiven oder Grenzflachenschichten zu eliminieren.
Neben dieser Methode ist die Herstellung hochwertiger Perowskitfilme ein weiterer wichtiger
Faktor. Hochwertige Filme weisen typischerweise weniger Defektzustande und mobile lonen
im Material auf und konnen die PSC-Stabilitit verbessern. Ahnliche Verbesserungen zeigen
auch Perowskitfilme mit weniger Korngrenzenflache, d.h. mit groBen Korngrdf3en. Daher
konzentrieren sich Kapitel 7 und Kapitel 8 auf die Kontrolle der Perowskitfilmbildung, indem
die Entwicklung des Perowskitfilms wahrend des Spin-coatings und des Ausheizens bzw.
Kristallisationsprozesses untersucht wird.

In Kapitel 7 wurden Absoptions- und PL-Spektren in-situ wéahrend des Prozessierens im ,,Spin-
Coating™ Verfahren aufgenommen, als in Dimethylformamid (DMF) gelOstes
Methylammoniumiodid (MAI) auf eine Pbl2-Schicht geschleudert wurde. Die Ergebnisse
zeigen, dass die Kristallbildung in den ersten 20 Sekunden erfolgt. Wir analysieren zunéachst
die optischen Eigenschaften auf dieser Zeitskala. Die Bildung einer MAPbIs-Deckschicht und
ihre Auflosungs-Rekristallisation wahrend des ,,Spin-Coating® Prozesses wurden festgestellt.
Der Auflésungs-Rekristallisationprozess beeinflusst die endgultige Filmqualitét sehr stark, und
deshalb ist es wichtig, die Geschwindigkeit dieses Prozesses zu kontrollieren. Dartiber hinaus
konnen wir durch die Entwicklung eines tieferen Verstandnisses der gemessenen optischen
Spektren die Anderung der Schichtdicke wahrend der Rotationsbeschichtung und die
jeweiligen Phasen der Perowskitbildung untersuchen.

In Kapitel 8 konnten wir mit Hilfe einer 16sungsmitteldampfunterstiitzten Ausheizmethode
Perowskitfilme mit groRen Kornern wachsen und gleichzeitig Korngrenzen und Defektdichten
minimieren. Aus in-situ Messungen der Weitwinkel-Rontgenstreuung unter streifendem Einfall
(GIWAXS) wird festgestellt, dass die DMF-Dampfbehandlung wéhrend des Ausheizens die
Kristallisation verlangsamt. Durch systematische Erhéhung der
Losungsmitteldampfkonzentration ist es mdoglich, die Kristallgrofie zu vergrofRen. Jedoch
fihren zu hohe DMF-Dampfkonzentration zur Bildung von Lochern (Pinholes), da DMF-
Dampf verflissigen kann und das Ldsemittel Perowskitkristalle teilweise auflosen kann. Diese
Arbeit zeigt die Mdglichkeiten und Grenzen des l6sungsmitteldampfunterstiitzten Ausheizens
und dass eine prazise Prozesskontrolle notwendig ist, um qualitative hochwertige
Perowskitfilme zu erhalten.
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2.1 Motivation

To retard global warming and air pollution problems, it is a current endeavor to replace
traditional fossil fuels. Among the renewable energies, solar energy is one option. From 2014
to 2018, the annual growth rate of solar photovoltaics installation was more than 10%.! At the
end 0f 2019, the installed global solar capacity has reached 627 GW.? About 95% of the current
module production is silicon-based, which, however, is relatively energy intense in its
fabrication.’ Its energy pay-back time in Europe is more than 2 years.* Therefore, the urge for
new technologies is driving researchers to explore and develop new materials for cheaper, less
energy-intense in production and more efficient solar cells in future.

In this context, one of the most promising materials is organo metal halide perovskite (OMHP),
typically methylammonium lead halide, which has drawn extensive attention over the last 8
years. Since OMHP was firstly used in dye-sensitized solar cells as sensitizer in 2009, the study
on this type of material has advanced greatly, especially after 2012.%7 Until now, the power
conversion efficiency (PCE) of perovskite solar cells (PSCs) has reached 25.2%, which is
comparable to silicon solar cells.® In addition to its application in solar cells, OMHPs show
impressive performance in light emitting diodes,”!® photodetectors,'’"!?> and other
optoelectronic devices.'*!* Due to its low-cost and convenient fabrication technique, OMHP
serves as a good candidate for up-scaling and large-area applications. PSCs have been
successfully processed on flexible substrates with the highest PCE of 19.11%'" and also
compatible with roll-to-roll processing techniques.'®!”

Despite the rapid development, there are still many questions remaining. The instability of PSCs
is the currently main issue. Besides the irreversible degradation when PSC is exposed to H20,
02, heat and UV-light,'® the stabilized PCE is another concern, as PCE of a PSC strongly
depends on the pretreatment, the measurement scanning direction and speed, as well as
illumination conditions.! A long-standing operational performance is hard to achieve and it
becomes difficult to compare the reported PCEs from various scanning conditions.?>?! Thus, a
fundamental understanding of this phenomenon and finding possible solutions are necessary.
Directly observing perovskite film changes by photoluminescence (PL) microscopy under
illumination and electric field is one focus of this thesis. By correlating the changes to the
corresponding PSC performances, it is realized that the defect states and their migration are the
essential factors. On this account, there is a demand to fabricate perovskite films with low defect
density or with passivated defects.

To obtain perovskite films with high quality, precise control on the film formation is the key
factor, including stoichiometry, thermal treatment, solvent engineering and so on.?? Thus it is
important to trace structure and morphology changes during film formation. For example, Hu
et al. successfully identify perovskite crystal intermediates and find a critical annealing
temperature to obtain smooth films by employing in-situ scattering and microscopy methods.?’
However, most of the reported characterizations concentrate on the steady state of already-
prepared perovskite films, while the study on the dynamics of perovskite crystallization is rather
limited. Hence, in this thesis, home-made setups are developed to detect the structural evolution
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of perovskites during spin coating and during annealing. Especially, in-situ optical spectroscopy
is easy to access and to analyze, thus yielding a great potential for widespread use. Moreover,
tracking the perovskite crystallization process can further bring in insights for optimization of
processing parameters.

2.2 Organo Metal Halide Perovskite Material
2.2.1 History

The mineral CaTiO3 was firstly discovered by the Russian scientist Gustav Rose in 1839 and it
was the mineralogist Lev Perovski who carried out further research on this material.>* After that,
“perovskite” became the name for crystals with an ABX3 structure. The perovskite lattice
arrangement can be generally described as a large cation A in the center of a cube which is
formed by cation B and anion X,?* as shown in Figure 2.1(a). The symmetry of an ideal cubic
perovskite will reduce when BXs octahedral tilts or distorts.*®

(a) ‘

Figure 2.1: (a) ABX; perovskite structure. (b) Crystal structure of CH;NH;Pbls, where A = MA™, B = Pb*,
X=r

In early studies, the perovskite methylammonium (MA) lead halide (CH3NH3PbX3, X = Cl, Br,
1), whose structure is displayed in Figure 2.1(b), functioned as a light absorption layer.%’ As the
A-cation size is responsible for the distortion of the octahedra, replacing the A-cation
contributes to properties such as bandgap and phase stability. Furthermore, the introduction of
formamidinium (FA) ion as A-cation yields a promising development for OMHP bandgap
tuning.?’ Instead of organic cations, Cs" is another favorable A-cation. Many research groups
have fabricated high-efficiency solar cells using triple cations in OMHP: MA", FA", Cs" 28:2%:3
In such a OMHP, the three cations occupy the A lattice with a probability according to the
stoichiometric proportions. The study of 2D layered perovskite has attracted attention owing to
its high moisture stability by substituting MA" or FA" cation with a long hydrophobic organic
cation, such as  phenethylammonium  (CsHs(CH2)2NH3"),  n-butylammonium
(CH3(CH2)3NH3").3132 On the account of toxicity of Pb element, studies on Pb-free OMHP
materials are emerging. Replacing the B site, Sn*" shows great potential,>** while Bi** and
Sb** are counted as promising candidates as well.>>*¢
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As could be seen in the description above, it is known that the material organo metal halide
perovskite does not contain any organometallic complex, but refers to the individual cations
and anions within the perovskite. The community is sometimes not very precise on the naming
and hence very frequently and especially in the beginning the expression “organometal halide
perovskite” was and is used. A further more precise way is the expression “organo metalhalide
perovskite”, referring to the cation and anions but also implying the existence of the metal halide
cage of the perovskite. Within this thesis these expressions are used equivalently and often
reflect expression which was most commonly used at that time. The expression “organolead
halide” is used in Chapter 4, 5 & 6 which are the earlier publications. A further peculiarity is
that it became quite common within the research community of OMHPs to simply use the word
“perovskite” which actually names a crystal structure, as a simple expression to name organo
metal halide perovskites.

2.2.2 Advantages of Organo Metal Halide Perovskite as Light
Harvesters

One reason for scientists to put great effort into OMHPs is their outstanding optoelectronic
properties. The band gap of MAPbIs is ~1.57 eV with a sharp absorption edge, indicating a
small number of optically detected deep defect states, as demonstrated in Figure 2.2(a).>” The
combination of different cations and anions makes it possible to tune the band gap of OMHPs.
Figure 2.2(b) shows an example when altering MA*/FA" and I/Br" ratio in OMHP. The
Snaith’s group has synthesized FAo.83Cso.17Pb(lo.c Bro.4)s with an optical band gap of ~1.74 eV
and the corresponding solar cell reaches a high open circuit voltage (Voc) of 1.2 V.3 It needs to
be mentioned that the tuned OMHPs exhibit a good incident photon-to-electron conversion
efficiency (IPCE).*° As illustrated in Figure 2.2(c), IPCEs of three tuned OMHPs reach a level
of over 80% in a broad range from 400 nm to 800 nm. Apart from its high absorption coefficient
displayed in Figure 2.2(a), another reason for the high IPCE is the effective carrier transport in
OMHPs. The long carrier diffusion length in OMHPs has been highlighted in several
publications, reaching >100 nm in MAPbIs and up to 1 pm in CH;NH3PbI3xClx.***! This is
extraordinary for semiconductors fabricated at low temperature with solution method.
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Figure 2.2: (a) Effective absorption coefficient of an MAPDI; perovskite thin film compared with other typical
photovoltaic materials. All are measured at room temperature. (b) Ultraviolet-visible absorption spectra of
(FAPDI3)1-x(MAPbBBr3)x films with x = 0, 0.05, 0.15, 0.25. (¢) External quantum efficiency (EQE) spectra of

PSCs using (FAPbI;); x(MAPbBr3), materials. (a) is reproduced from Ref *’. (b) and (c) are reproduced from
Ref ¥
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2.2.3 Versatile Fabrication Methods

Besides the good optoelectronic properties of OMHP, another major reason why OMHP attracts
intensive attention is its low-cost. The raw materials, e.g. MAI and Pblz, are simple to obtain
and for its fabrication no critical processing conditions are required.* There are two major ways
to fabricate perovskite films: vapor deposition and solution processing. The vapor deposition
method was firstly reported by Liu et al. and perovskite was prepared by evaporating two
separate sources, PbCl> and MAI, simultaneously.** After that, Fan et al. has prepared MAPbI3
film by single source vapor deposition, i.e. using well-prepared MAPbI3 powder for
evaporation.*> The perovskite film from vapor deposition yields dense and uniform surfaces,
with the highest solar cell efficiency above 20%.%® Thus, this method is relevant for wide
applications. However, until today, the most prominent approaches for the fabrication of halide
perovskite thin films are based on solution processing methods. They also serve as a
fundamental tool for developing new materials and optimization of devices. The most common
solution processing methods are illustrated in Figure 2.3.

/é (Pbl, + CH,NH,1)/OMA \ ((b) anti-solvent \ f \

& o o® X |
P=l == = @D ‘

hot plate
(a) one-step and two-step spin coating \
(d) heatand solvent annealing

é Pbl,/DMF (5 CH3NH,/IPA ((c ) Pbl, dipping in MAI solvent

!"g o« ‘ '

TWO-STEP COATING / \ solvent /

Figure 2.3: Overview of perovskite film processing from solutions. (a) One-step and two-step deposition by
spin coating. (b) Anti-solvent is applied during spin coating on one-step method. (c) Pbl, layer is dipped in
MALI solvent to form perovskite film. (d) Annealing of prepared film with heat or with assist of solvent vapor.
(a) is reproduced from Ref ¥/, (b) is reproduced from Ref *®. (c) is reproduced from Ref *°. (d) is reproduced
from Ref >°.

The solution processing includes two major steps: solution deposition and film annealing. There
are several techniques to perform solution deposition, e.g. spin coating, blade coating, slot die
coating, inkjet printing and gravure printing, through which the solution is able to form a film
on a substrate.’! Among them, spin coating is a versatile one used in laboratories and in Chapter
7 the evolution during spin coating is analyzed in detail. By taking use of one of these techniques,
the deposition is usually conducted in one step or two steps. It means that metal halide and
organo-halide species are mixed before coating or are sequentially deposited on the substrate,
as displayed in Figure 2.3(a). For the one-step method, the depositing solution contains all the
components of an OMHP, while two separate solutions were needed in the two-step method.
To proceed with compositional engineering of the perovskite, the one-step method is typically
preferable. Perovskite precursors with a single solvent lead to rough surfaces, even with
pinholes.’>** This can be improved when using a mixture of solvents in precursor, e.g.
dimethylformamide/dimethyl sulfoxide (DMF/DMSO0),>* DMSO/y-butyrolactone (GBL)*® and
DMF/GBL.*? Additionally, anti-solvents can be utilized during spin coating.>> Quickly after
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deposition of perovskite precursor, the anti-solvent is added, for example during the spin
coating process, to induce fast crystallization over the whole film.>® Figure 2.3(b) compares the
morphology of films with and without anti-solvent. In case of a two-step method, metal halide
and organo-halide species are spin coated sequentially on a substrate,’’ or a prepared metal
halide film such as Pbl: is immersed in organo-halide solvent,’® which is demonstrated in Figure
2.3(c). Even though the two-step method is more complex than the one-step method, it is often
favored due to its high degree of controlling morphology and crystallinity.>

After solution deposition, heat annealing is necessary to initiate precursor-to-perovskite
transition in most cases, as the transition activation energy needs to be reached.®” The annealing
temperature needs attention, as too low temperatures hinder perovskite transformation and too
high temperatures result in degradation.®! The annealing can be achieved by putting the films
on a hot plate, where it is also possible to employ an additional solvent atmosphere to gain more
control on the perovskite formation process, as illustrated in Figure 2.3(d). It has been reported
that perovskite films that were annealed with some solvent vapor, e.g. DMF,*® isopropanol
(IPA)®? and DMSO,% showed very smooth surface and higher crystallinity. However, studies
with the precise control of the solvent vapor concentration are scarce and it is in focus of Chapter
8.

2.2.4 Challenges

One serious problem for upscaling and commercialization of PSC is its instability, with regard
to humidity,** heat,®> UV radiation®® and oxygen.®” When PSCs are exposed to light and air,
under operational condition, they rapidly degrade on timescale of hours.%® The redistribution of
mobile ions under bias or illumination gives rise to this unstable output.®>’° Apart from its
intrinsic stability, another source of instability is the chemically active charge transport within
the material and interfacial degradation.”’”?

Another concern is the toxicity of OMHP materials because of Pb. Researchers have suggested
a possible way of OMHP into the environment, where the degradation product containing Pb is
partially solubilized in water,” so that plants absorb lead from the OMHP contaminated soil.”
Up to now, efficient and at the same time economically attractive recycling strategies for
perovskite based optoelectronic devices have not been demonstrated.”>’® Furthermore, the
PCEs of lead-free OMHPs, with a current record efficiency of 10.18%, are still significantly
less efficient compared to their lead containing counterparts. Thus it can be summarized that
even though there have been expanding research activities concentrating on OMHPs towards
its commercialization of photovoltaic in the last 8 years, its stability and recycling are still key
issues that need to be solved. Nonetheless, the very recent emergence of OMHP as a new class
of photovoltaic material shows the importance of continuing research and further material
development.



2.3 Optical Properties

2.3 Optical Properties
2.3.1 Absorption

To understand the optical properties of OMHPs, it is necessary to first consider their electronic
structure and band gap. For MAPDI3, the top of the valence band is primarily composed of the
antibonding state between Pb(6s) and I(5p) orbitals and the bottom of the conduction band is
formed by the antibonding state of Pb(6p) and I(5p) orbitals.”®” Thus the inorganic [Pbls]*
octahedral mainly contributes to the band gap. Hence, the main role of MA™ is to influence the
titling of Pb-I-Pb bonding within the octahedron through the hydrogen bonding, rather than
directly impacting the perovskite band structure 38!

X M R

Figure 2.4: Electronic band structure of Pm3m cubic MAPbI; obtained by DFT calculations from Ref #2. X,
M and R donate points of high symmetry within the reciprocal lattice. The solid lines with up-arrow represent
the allowed optical transitions. The blue dashed lines with arrow represent dipole-allowed transition. The
grey dashed lines with arrow indicate the flow of photogenerated carriers towards R point. This figure is
reproduced from Ref %3,

Several DFT calculations on the electronic structure have been reported®**>#* and one of them

is exhibited in Figure 2.4. The direct bandgap transition at R contributes to the band-edge
absorption. The secondary transition at M is also optically allowed. In reciprocal space, the
photogeneration of electron-hole pairs between M and R points is possible and the generated
carriers flow easily towards R and recombine.?>* Hence, the absorption continuum above band-
edge is observed, as shown in Figure 2.2 (a).

2.3.2 Radiative and Non-radiative Recombination
In general, the dynamics of carrier recombination in classical inorganic semiconductors is
expressed as:®

=G —kyn — kyn? — kyn® (1)
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G i1s the charge carrier generation rate, k1 is the monomolecular recombination rate constant, k2
is the bimolecular charge recombination rate constant and 43 is the Auger recombination rate
constant.®® The monomolecular recombination is associated to trap-assisted recombination,
which happens when an individual carrier is captured in a trap state. Time-resolved PL, time-
resolved microwave conductance and transient spectroscopy have been conducted to derive ki
in MAPbI3 and most of the results are in the range of 107 ~10° 571 428738 This decay rate ki is
related to the energetic depth of the traps, their density and distribution.’® Bimolecular
recombination is the recombination between a hole and electron accompanied with emission.
It is an intrinsic material property and hardly can be tuned by process engineering. The
measured k2 in OMHPs ranges from ~ 107 to ~ 10 lcm?s™! 888990 Auger recombination is the
recombination process of a hole and an electron along with energy and momentum transition to
a third particle.”! Theoretical investigations and experimental results suggest that it rarely
happens under standard sunlight illumination.®®°> Both monomolecular and Auger
recombination are nonradiatve. As presented in Figure 2.5(a), the monomolecular and
bimolecular recombination are the dominant mechanisms for carrier densities up to 10'® cm™,
where the monomolecular is the most important at low carrier density.*>° Stranks et al. propose
the monomolecular mechanism at low carrier density originates from the high concentration of
defects in OMHPs. The explicit mechanism is illustrated in Figure 2.5(b). Under a low fluence,
the photogenerated electrons are trapped by the subgap states, leaving a large number of
“photodoped” holes with the concentration nt. Since at a low fluence the free electron
concentration N is much lower than the total free hole concentration N+nT, the recombination
shows monomolecular behavior. In the condition with a high fluence, i.e. N> n, the
“photodoped” hole concentration nr is negligible. Thus, hole-electron bimolecular
recombination dominates.”?

(@) 10% 1 ®H Low fluence, N<<n, | High fluence, N>>n,
~ 108 [ = CB e CB|
:w ® Trapping Subgap states
£ 10 | eee| | 0000
= n, Bimolecular n,
g 1024 | Monomoleculur Depopulation (slow) l l \ Depopulation (slow),
° r n;
L v W ik — ¥
1022 el e = O OO VB |- OOOO OOOOVB
- i . " . Photoexcited Photoexcited
¥ ¥ ' v v Background Background
0% 0% 10 1017 40" 10% (photodoped) (photodoped)
Carrier density n (cm-3)

Figure 2.5: (a) Recombination rate dn/dt over charge density n of MAPbI3. The values were extracted from
transient absorption measurements at ~10 different fluences and each point represents one measurement. The
solid line is for guidance. (b) Illustration of recombination mechanism under low- and high- fluence
illumination. (a) is reproduced from Ref *4. (b) is reproduced from Ref 3.

In a solar cell, the ratio between radiative and non-radiative recombination is essential for the
device performance, because the achievable open-circuit voltage Voc in a solar cell is predicted
by:

2)

KkgT
Voc = Voc,ideal - q |1n77ext|
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Where, Voc.ideal 1s the ideal (maximum) limit of open circuit voltage.

Next 18 the external luminescence efficiency and defined by

ReX
Next = = (3)

Rext+Rnr

Here, Rext 1s the external radiative rate and Rur is the internal photon and carrier non-radiative
loss rate.” 7oy describes the fraction of net recombination processes which result in the
emission of a photon out from the cell. The higher nqy; is, the higher Voc is. Thus, to minimize
the non-radiative recombination helps to increase Voec. The perovskite film and
perovskite/charge-extraction layer interface are the two main sources of non-radiative
recombination centers.”®”” To characterize the radiative and non-radiative recombination in
perovskites, PL resulting from bimolecular recombination is an applicable parameter. For
example, the spatial PL mapping can visualize the non-radiative losses.”®* PL decay at lower
fluence can be employed to evaluate defect densities, because the monomolecular
recombination is dominant, reflecting the possibility of carriers being trapped by defects.!%

—
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o

Figure 2.6: (a) Correlated SEM image of MAPbI3.<Cl film; (b) PL image; (c) Composite SEM and PL image.
They are taken at one spot. Reproduced from Ref .

As exhibited in Figure 2.6, the PL image of a polycrystalline perovskite film was found to yield
good correlation to the scanning electron microscope (SEM) image, where grain boundaries
exhibit lower PL intensities due to the higher defect density there. In addition, PL lifetimes of
different grains in Figure 2.6 showed that the brighter grain has a longer lifetime.”® Jacobsson
et al. demonstrated that the intensity distribution of PL across the film also correlated with the
heterogeneity of the trap density in the film.'°! In this thesis, PL microscopy is one main method
to study local changes in the optical properties of polycrystalline perovskite films.

2.4 Defects
2.4.1 Point Defects in Crystals

The simplest structural imperfections of crystals are those involving single lattice points, so
called point defects. In semiconductors, point defects are centers of perturbation, changing
material’s optical, electrical and magnetic properties locally.!*? A point defect appears when an
atom is removed from its regular lattice site (vacancy), when an atom is prevalent in addition
to the regular lattice sites (interstitial), when atoms of two types exchange positions (antisite)

or when an impurity occupies a substitutional site (substitutional).!> Both vacancies and
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interstitials exist in all real crystals.® Schottky defects and Frenkel defects are typical point
defect pairs. Their formation principle is displayed in Figure 2.7. A Schottky defect occurs when
oppositely charged atoms leave their corresponding lattice sites and move out of the crystal,
creating a pair of oppositely charged vacancy defects. If an atom leaves its original lattice site
and occupies an interstitial position within the crystal, the pair of vacancy and interstitial defect
will be called Frenkel defect.1%

(@) + L (b) + &

V+ V-

V+

Figure 2.7: Representation of point defects in a two-dimensional structure (a) Schottky defect and (b) Frenkel
defect.

The free energy change AG for a crystal having n defects at a constant pressure is®

AG = n(AHg — TASyi) — T * AScons (4)
where,

T is the absolute temperature;

AS.on¢ IS the entropy change due to the configurational disorder;

AHkr is the formation enthalpy for one defect;

AS.;p is the entropy change induced by the lattice vibrations.

The formation free energy of one defect is AGg = AHg — TASjp,-

AS.ons 1S €xpressed in terms of the thermodynamic probability W by:

N!
(N-n)n!

AS.ons = kInW = kin ~ kT[NInN — (N — n) In(N — n) + nlnn] (5)

In which, k is the Boltzmann’s constant. N is the number of lattice sites within the crystal
including the defects.

At equilibrium, AG reaches its minimum, i.e. ddA—G = 0. Applying Equitation (5) into Equation

n'T
(4) leads to:
dAGF _ N—n _
anl = AHg — TASyj, — kTln— =0 (6)

13
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when n « N, the defect concentration is obtained by rearrangement of Equation (6),'%

v () e (57) = e (-57) )

Thus, when knowing the formation energy of the defect, it is possible to estimate the thermal
equilibrium concentration of defects in a crystal. For the formation of Schottky or Frenkel pair
defects, AS., ¢ Will increase because of the increased number of possible ways that the defects

can be arrange on N lattice points.

Experimentally, due to the locally changed properties induced by defects, defect concentration
estimations can be accomplished by measuring lattice parameters, electrical resistivity, electron
spin resonance and electron nuclear double resonance, optical spectroscopy etc.!* Several
techniques are used to increase the concentration of defects above the thermal equilibrium
concentration, for example by quenching from high temperatures and irradiation with energetic

particles.'%

2.4.2 Defect Migration
) & @ (b) @

o v @
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Vacancy mechanism Interstitial mechanism
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Figure 2.8: Schematic representation of three diffusion mechanisms (a) vacancy, (b) interstitial and (c)
interstitialcy. (d) Potential-energy diagram of a defect as it migrates from lattice sites S to S», which are

equivalent.

Defect migration within the crystal causes an atom redistribution and thus changes of the
microstructure of the material. Hence, the understanding of the migration is important for the
material manufacturing and application. The migration mechanisms that allow a defect to move
through a lattice are illustrated in Figure 2.8 (a)-(c). For vacancy defects, it is a vacancy
mechanism — an atom leaves its lattice site to occupy a nearby vacancy, creating a new vacancy
at its original lattice site. For interstitial defects, there are two mechanisms: (i) interstitial
mechanism and (i1) interstitialcy mechanism. In case of an interstitial mechanism, an interstitial
defect jumps from its original interstitial site to a neighboring equivalent one. The interstitialcy
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mechanism corresponds to a process where one interstitial atom occupies one lattice site, while
the atom at the original lattice site moves to a new interstitial site. Comparing this process to
the interstitial mechanism, the interstitialcy mechanism is less energetically favorable.!®?

For migration, the defect needs to jump over an energy barrier from one equivalent site to
another. The sketch of the potential barrier along the migration path is displayed in Figure 2.8
(d) where AU is the energy barrier. The jump frequency w is the probability of an atom
successfully making a diffusive jump, which is also called jump probability. For the interstitial
mechanism, it is'%

w=h-exp(— 1) (8)
Here, 4 is the frequency of interstitial vibration.

The diffusion coefficient D is related to w through the equation:'®’

D = fwA? )

Where, 4 is the distance travelled in a single jump, and f represents the probability of the atom
jumping in one direction relative to any other equivalent direction. If 1 is equal to the lattice
parameter a, then

D =fa2h-exp(—i—g) (10)

For the vacancy mechanism, the vacancy concentration also makes a difference, as the
migrating atom requires a vacancy on the neighboring sites. Thus, to estimate w and D a factor

of exp (— Ak%) needs to be multiplied. Hence, it is obvious that defect diffusion is a

temperature-dependent behavior following an Arrhenius-type equation. D in solid state
materials is in the range of 10° — 102° cm?/s.!%® Different crystal structures and chemical
bondings have an impact on D through £, a and AU. Moreover, within one crystal a change in
the local structure affects D, so that for example the energy barrier AU in crystal grain
boundaries is typically lower than that in the crystal bulk, because of the absent surrounding
atoms and the high defect concentrations in the grain boundaries.'”!'%!'! The lowest energy
barrier for diffusion is at the surface, since there is less constraint on the diffusing atoms.!!!
More specifically, D along the grain boundary increases with the increasing misorientation

angle of the adjacent boundaries, reaching a maximum when the angle becomes 45°.!!!

The migration barrier is influenced by the charge state of the defect as well, because the
interaction of the ionized defect with the surrounding atoms may induce repulsive and/or
attractive electronic forces.!''»!'* Among several proposed mechanisms for charged defect
migration, a normal ionization enhanced migration mechanism describes that if one defect
species possesses two charge states by trapping or detrapping carriers, the change of two charge
states will lead to a change of the migration barrier. As a result, a part of the defects migrate
with a lower barrier, consequently facilitating migration of this defect. ''*
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Figure 2.9: The potential barrier for defect migration, which is modified by the presence of an applied force
F. It is adapted from Ref !'5,

When an external field, e.g. electric or stress, is applied that interacts with a defect, the diffusion
will run in a preferential direction. Figure 2.9 illustrates the potential energy of a defect traveling
through the lattice with an external driving force F. The barrier AU is lowered by &/2 for jumping
from left to right, while it is raised by &/2 for jumping from right to left. ¢ is the work done by
the driving force over the distance A: ¢ = FA. Here, we assume that an electric field £ is applied
to the lattice and the defect has a charge ¢. In this case, the driving force is expressed by: F=Egq.
The jump frequency from the left to the right w1 is:!'!®

W1=h-exp(—%)=w-exp(Z—T2)=W-exp(%) (11)
Similar, for the jump frequency from the right to the left wo, it is:

wy =w-exp(— o) (12)
The difference of the jump frequencies is:

Wy — Wy, =Ww- [exp (;{—AT) — exp (— %)] =2w- sinh(%) (13)

This difference results in a defect migration from the left to the right on a macroscopic scale.
The velocity v of the defect migration is:

v = (W, — wy)A = 2Aw - sinh() (14)

When there is a specific external force, f in equation (9) becomes unity. Then, substituting
w=D/(f}?) into equation (14) results in,

v =) sinh(z) (15)

By expanding the hyperbolic sine, it is

When FA < kT, the velocity is reduced to

=2 (17)

kT

The mobility u of a charged particle is defined as

4

=t (1)

Combining equation (17) and (18) yields,
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p=2a (19)

KT
Equation (19) corresponds to the Einstein equation. It describes the relationship between
mobility and the diffusion coefficient. Thus, the mobility follows an Arrhenius behavior, if
FALKT. 1t is important to note that if an external field is applied for an extensive time, the
migrated defects can aggregate and interact. Its possible consequences are the screening of the
external field, distortions of the local lattice etc., making it a much more complicated process.''°

To measure the diffusion coefficient of defects in semiconductors, there are several common
ways. The most widely applied one is to employ radioactive isotopes. It involves the
determination of labelled atom concentration by measuring electrical, optical or paramagnetic
parameters.'®!1%7 Another way is to take use of the capacitance-voltage profiling technique.
Upon the time-dependent capacitance of a Schottky barrier, the profile of electrically active
defects is available as well as the diffusion coefficient.!!” Backscattering techniques are also
applied to study migration process of substitutional defects. Based on the principle that the
energy loss of a particle from a backscattering process depends on the mass of the target atom,
it is possible to obtain the depth distribution of the atoms.''®

2.4.3 Point Defects in Organo Metal Halide Perovskite

As mentioned above, perovskite films fabricated at low-temperatures have a relatively low deep
trap density compared with other polycrystalline inorganic solar cells materials. In
polycrystalline perovskite films, the bulk trap density is in the range of 10'°-10'7 cm™.""® The
12 native point defects in MAPbI;3 are: the interstitials Ii, MAi and Pbi and the antisites MApy,
MAL, Pbma, Pbr, Ima and Ips; the vacancies Vima, Vb, and Vi.'?°
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Figure 2.10: Calculated transition energy levels of point defects in MAPbI3, including I interstitial (I;)) MA
interstitial (MA;), Pb interstitial (Pb;), MA molecule on Pb site (MApy), I atom on MA site (Ima), I atom on
Pb site (Ipy), Pb atom on MA site (Pbma), MA molecule on I site (MA;), Pb atom on I site (Pbr), MA vacancy
(Vma), Pb vacancy (Vpp) and I vacancy (Vi). The formation energies of neutral defects are in parentheses.
Reproduced from Ref 2.
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Density function theory (DFT) calculations have been employed to study these point defects.
One common conclusion obtained is that point defects in MAPbI3 with deep levels in the
bandgap have high defect formation energies.!?>!2*>!24 But the deep-level defects predicted by
several calculations vary, including Ipb, Ima, Pbi, Pbr, Vi, Pbma and I;.122125:126.127 Deep-level
defects can trap electrons or holes, working as non-radiative recombination centers.'*® Due to
their high formation energy, they are not the dominant intrinsic defect species in MAPbIs.
Instead, shallow defects are dominant. This explains the typically long carrier diffusion lengths
observed in MAPbI3.!2%!12° One calculation for the transition levels of all possible point defects
in MAPbI; is listed in Figure 2.10. It shows that defects with lower formation energies such as
Ii, MApb, Vma, MAi, Pbma and Vi, locate within 0.05 eV above or below the valence band
maximum or conduction band minimum.'?! These shallow point defects can lead to intrinsic
doping of MAPbI3.'2? As indicted in Figure 2.10, the defects serving as acceptors are marked
in red, while donors are marked in blue. It gives a hint that it is possible to control the n-type/p-
type doping of MAPbIs by varying different shallow defects concentrations, which can be
achieved by compositional engineering or crystal growth conditions.

2.4.4 Defect Migration in Organo Metal Halide Perovskite

Several studies indicate that OMHPs are not only semiconductor but also ionic conductor, i.e.
the applied bias can induce both charge carrier flow and ion flow.!3%!*! The ion migration effect

132,133 \which is a

is found to be responsible for PSC current density-voltage (J-V) hysteresis,
main topic in this thesis. Taking into account the different types of point defects in OMHPs,
possible mobile ions are V1i*, Ii', Vma™ and MA;". The exclusion of lead related defects is due to
its high activation energy, as displayed in Table 2.1. To make it easier to read, V1', Ii", Vma™ and

MA;" will be named with I vacancy, I" ion, MA" vacancy and MA" ion, respectively.

Theoretical calculations and experimental measurements have been carried out to access the
activation energy for the ion migration process. Some of them are summarized in Table 2.1. It
becomes clear that the reported activation energies for one type of ion cover a wide range. Up
to now, a consensus on the migrating species and its concrete energy barrier is still missing.

Among these studies, most works suggest that iodine related defects, i.e. I vacancy or I" ion,
are more active to migrate. The pathway of I vacancies suggested by Eames et al. is along the
I-I edge of the Pbls octahedron with an activation energy of 0.58 eV, while MA™" vacancies
migrate through the unit cell face comprised of four I" ions, yielding a higher activation energy
of 0.84eV.!*! Delugas et al. modeled the ion migration through I vacancy and I" ion mechanisms.
The results imply that at room temperature the I" vacancy is more mobile than the I" ion.'**
Experimental results from Cheng et al. demonstrate that under an electric field the I/Pb ratio is

higher at the anode, which also supports the I" vacancy/I" ion-dominant migration.'*?
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Table 2.1. Summary of ion migration activation energy with different methods

Ref Calculation Experiment
I I MA* Pb* I I | MA"
. method . .
vacancy ion vacancy vacancy vacancy | ion ion
13510.33-0.45 0.55-0.89
136 0.08 0.08 0.46 0.8
134 0.1 0.24
T-
B 058 0.84 231 dependent 1 ¢ 068
current
1371°0.28-0.45 0.70-1.12 1.39-1.78 | T-dependent J-V 0.33
13 T-dependent 0.23
current '
138 T-dependent 0.43
impedance '
139 T-dependent J-V/ 0.36
140 T-dependent 0.58
impedance '

* The activation energy is obtained at room temperature of MAPbI3 film. T-dependent means temperature-
dependent.

Another possible mobile ion is the MA related defect. An MA™ ion accumulation under an
electric field detected with photothermal induced resonance (PTIR) is reported by Yuan et al..!**
It is not contrary to the observation of I" ion redistribution, because an applied electric field is
able to drive the two ions at the same time. The elemental profile from Yamilova et al. supports
this point of view.!*! The calculation from Azpiroz et al. shows that activation energy of MA*
vacancy 1s 0.46 eV and that of I" vacancy and I" ion are both 0.08 eV. He proposed that the
electric-field-driven migration of MA™" vacancy should be in the timescale from milliseconds to
minutes, while that of iodine related defects was less than 1 ps.!*¢

When it comes to determining the activation energy from experimental methods, it is difficult
to distinguish from which ion (interstitial or vacancy) it exactly originates. Most of activation
energies are obtained by measuring temperature-dependent currents, conductivities and
dielectric constants accompanied with compositional detections.!**13%13% Take I vacancy and I
ion as examples: Under an electric field, I" vacancies migrate towards the cathode area, resulting
in less iodine content there. In contrast, I" ions migrate towards the anode area, leaving less
iodine at the cathode side. In this way, the migration of I vacancies or I" ions leads to similar
phenomenon, making a concrete assignment to a single type of defect difficult. This is the
reason why the terms “iodine related defects” and “MA related defects” were used in the
previous section.
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2.4.5 Analysis of lon Migration in Organo Metal Halide Perovskites

The charged point defect migration in OMHPs can be understood as an ion migration process
based on the previous discussion. For a working OMHP solar cell, this ion migration process
happens on the timescale of seconds to minutes.'**!** To model this operational condition, an
electric field was applied on a OMHP film through the laterally deposited electrodes, as
illustrated in Figure 2.11(a). Mobile ions can be driven under an electric field and accumulate.
The excess of defect ions gives rise to local physical or chemical changes, which is used to
explicitly analyze the ion migration process. After applying the electric field, the elemental
profile has been characterized by time of flight secondary ion mass spectrometry (ToF-
SIMS),!*! X-ray photoelectron spectroscopy (XPS) profile!** and PTIR.'** All the
measurements suggest an ion redistribution within the perovskite film.
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Figure 2.11: (a) Configuration of lateral perovskite device. (b) Time dependent PL images of MAPbI;.Clx
film under an external electric field. The “+”and “-” signs indicate the polarity of the electrodes. The electric
field is ~ 10 V-m™ and the excitation intensity is ~40 mW-cm™. The perovskite film is protected by
polymethylmethacrylate (PMMA) layer above. (¢) Scheme of a physical model: Optoelectronic effects of I"
vacancies drifting in a perovskite film under the electric field. (a) is reproduced from Ref '3, (b) is reproduced
from Ref '*. (c) is reproduced from Ref '’

PL microscopy is also a powerful tool to study the ion migration process in-situ, as PL is a good
indicator for the material defect density. As discussed in Chapter 2.3, with higher defect density,
PL quantum efficiency is lower and exhibits faster non-radiative decay.” The aggregation of

20



2.4 Defects

defects can enhance non-radiative recombination.'*®!47 Lj et al. recorded PL images when an
electric field was applied laterally across a film as shown in Figure 2.11(a).!* This PL evolution
in Figure 2.11(b) demonstrates that a dark PL front spreads from the positive electrode to the
negative. It is also reported in other publications that this phenomenon originates from ion
migration in OMHPs.!*%!* The moving speed of the PL dark front corresponds to the drift
velocity of migrating ions. With equation (18) u = v/E, it is possible to derive the ion mobility
from the measured velocity and the applied electric field. The ion mobility obtained with this
method ranges from 108 to 1071% cm?V-!-s71. 146144 Hentz et al. have considered not only the drift
of the ions under electric field, but also the diffusion effect due to a defect concentration gradient.
They carried out Monte Carlo simulations to investigate the ion redistribution. Comparing the
theoretical result with their observations from PL microscopy, an ion mobility of 2.5:10!!
cm? V157! is obtained.!#

A physical model was developed by Juan Bisquert to explain the phenomenon displayed in
Figure 2.11(b) observed by Li et al..!* The schematic of the model is exhibited in Figure 2.11(c).
The doping of a p-type perovskite changes through an I vacancy drift under bias. The doping
level of the left side in Figure 2.11(c) is reduced from po to p1, because I vacancies compensate
a part of the I interstitials there. As I" interstitials are the main source of intrinsic doping in
perovskites, this compensation will reduce the carrier density on the left side, leading to less
radiative recombination. As I" vacancies migrate towards the right, the width of the shaded
region grows with a velocity v and concomitantly the electric current changes because of the
differences in carrier density after biasing. By studying the time-dependent current, it is possible
to determine the ion mobility.!** In this thesis, this model is used to quantify the ion migration
in halide perovskite films and the detailed derivations are described in Chapter 6.

Another method to study the ion migration is Kelvin probe microscopy (KPM), which can
identify the local surface potential or work function with a spatial resolution of tens of nm.!%!3!
In OMHPs, the change of work function induced by local doping can be detected by KPM. For
example, after poling for 100 s with 1.2 V-um™!, an MAPbI; film yielded a potential difference
of 0.35 V at the two poling sides within 30 #m.!*" It is attributed to the accumulation of positive
ions at the negative side, lowering the surface potential. And it is analogous for the positive side.
In a PSC, a similar ion accumulation within the perovskite layer after biasing has also been
observed by KPM. 132

Determining the mobility is also possible based on the time-resolved potential after biasing.
Birkhold et al. found a lateral perovskite device yielded a slow decay of the potential and the
charge density after biasing,'>® which is displayed in Figure 2.12 (a) — (d). After biasing, the
accumulated charged ions at the two sides migrate reversely due to the concentration gradient
and the charge induced electric field. Thus, the current density J of migrating ions after bias can
be expressed as

](X, t) = q-D- |7nion(x' t) + q-u- E(x,t)- nion(x» t) (17)

where, nion(x,?) is the evolution of ionic charge density and E(x,?) is the electric field induced by
the displacement of positive and negative ions. Then, based on this equation, the experimental
KPM results are simulated by a one-dimensional drift-diffusion model. The mobilities of the
positive and the negative ions are obtained as 8.3:10'° cm* Vst and 9.5-1071° cm?- V!5t
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2.5 Perovskite Solar Cell Operation

respectively. Measuring the time-resolved potential after biasing provides an elegant way to
compare the mobility of cations and anions in OMHPs.
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Figure 2.12: (a) Sketch of KPM measurements across the lateral electrode of the
glass/MAPbI;/PMMA/SiO2/Au device after biasing with an electric field of 0.8 V-um™. (b) Time-resolved
scanning KPM measurements after bias at 20 °C. (c) The potential decay and (d) the charge density decay
after bias. Each line represents a line scan across the electrode gap with a time resolution of 6.6 seconds. The
arrows in (c) and (d) represent the evolutions along with time. Reproduced from Ref '*3.

2.5 Perovskite Solar Cell Operation
2.5.1 Solar Cell Architecture

In a PSC, the OMHP is working as the light harvesting material, which absorbs photons to
produce electron-hole pairs that are able to split into separated free charge carriers at room
temperature.'>* After that, carriers are transported via the electron transport layer (ETL) or the
hole transport layer (HTL) and finally extracted through the corresponding electrodes, as
illustrated in Figure 2.13.
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Figure 2.13: (a) Structure of a planar PSC in regular configuration. (b) Band diagram and operation principle
of perovskite solar cell.

Figure 2.13(a) shows the schematic of a planar PSC, in which each layer is planar. In contrast
to this, a mesoscopic structure can be implemented into the perovskite layer to help electron
injection. The use of this structure was motivated by the structure of typical dye-sensitized solar
cells.® Comparing to the planar PSC, the mesoscopic device is a preferred choice for perovskites
with relatively short carrier diffusion lengths and yields less severe J-V hysteresis which will
be addressed in following session.!>> However, due to the complex manufacturing procedure of
mesoscopic device and the improvement of intrinsic perovskite layer, the simple planar
structure is more frequently adopted now.

The PSC configuration can be divided into regular (n-i-p) and inverted (p-i-n) type. The regular
structure has its ETL on the side where the incident light first illuminates, as displayed in Figure
2.13(a), while the inverted type has its HTL on that side. The inverted configuration has the
layer sequence: transparent electrode/HTL/perovskite/ETL/metal electrode.'*® Table 2.2 lists
the most common planar material combination used in PSCs. For the transparent electrode,
indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) coated on glass are usually utilized.
For ETL, there are two categories: metal oxides, e.g. SnO2,'>7138 TiQ,,15%160 ZnQ,161:162 and
fullerene derivatives such as, Ceo,'>!%* phenyl-C61-butyric acid methyl ester (PCBM)**!%° and
indene-C60 bisadduct (ICBA).!%167 Organic and polymer materials are commonly used as HTL.
In regular PSCs, spiro-OMeTAD serves as a favorable HTL.!®%16%:16% The polymeric HTL
poly(triaryl amine) (PTAA) is competitive in both structures and corresponding devices reach
PCEs of 20.7%.'7%171:172 There are also some reports on inorganic HTLs, e.g. NiOx'*"!”® or
CuSCN,!'* which show good stability. As shown in Table 2.2, bathocuproine (BCP) works as
a buffer layer between PCBM and Ag cathode. The insertion of BCP avoids the charge
accumulation at the interface by forming an ohmic contact.!”® In general, the choice of ETL,
HTL and electrodes is based on their energy band levels, so that the charge carrier transport is
the most effective. Figure 2.13(b) gives us the guidance for a proper band matching. For
example, the bottom of the conduction band of TiO2 and MAPDIs is -4.2 eV and -3.9 eV,
respectively. This energy offset contributes to an efficient electron extraction. The top of the
valence band of Spiro-OMeTAD and MAPbI; is -5.2 eV and -5.4 eV, separately. With this
difference, holes can be readily injected into the electrode material.
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Table 2.2: Summary of typical PSC structures

n-i-p type Reference
FTO/Ti0/perovskite/Spiro-OMeTAD/Au 168,160
FTO/SnO»/perovskite/Spiro-OMeTAD/Au 158,169

FTO/TiOx/perovskite/PTAA/Au 171,172

p-i-n type

ITO/PEDOT:PSS/perovskite/PCBM/Al 52,165
FTO/NiOy/perovskite/PCBM/BCP/Ag 173,176

2.5.2 Solar Cell Operation
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Figure 2.14: (a) J-V curve of a working solar cell, showing Vi, Jsc and the maximum power point. (b) Solar
cell output power as a function of voltage.

The most important figure of a working solar cell is its J-J curve under illumination, which
depicts its key characteristics. Figure 2.14(a) shows a typical J-J curve. The standard
illumination is solar irradiance at 1.5 airmass (1.5 AM) with the intensity of 100 mW/cm?. The
open-circuit voltage Voc is the maximum voltage available from a solar cell and it occurs at zero
current. The short-circuit current density Jsc is the maximum current density and occurs when
the voltage across the device is zero. The power of the solar cell is calculated by multiplying
current density with voltage and it is plotted in Figure 2.14(b). The point with the highest output
power in Figure 2.14(b) is defined as the maximum power point and its corresponding voltage
and current density are referred to as Vmp and Jmp. The maximum power point is indicated by
the grey rectangle in Figure 2.14(a). The fill factor (FF) is a parameter that is related to the
maximum power point and describes the “squareness” of a J-J curve. It is defined as the ratio
between the maximum power of the solar cell and the product of Ve and Jsc:

Vmp X ]mp

FF =
I/()C ><]SC
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The parameter used to compare the performance of a solar cell to another one is the PCE. It
describes the fraction of the incident power which is converted to electrical power:

bep < Voe X Jse X FF
Input power

Based on the Shockley-Queisser limit, the maximum PCE of a perovskite solar cell is about
31%.'77 As the reported highest PCE of PSCs is already 25.2%,® a further enhancement of the
PCE doesn’t show much prospect, while a high priority in the field is to improve the stability
of PSCs. Therefore, the instability of PSCs is one of the main topics studied in this thesis.

2.5.3 J-V Hysteresis
2.5.3.1 Phenomenon

J-V hysteresis is a phenomena observed in J-V curve measurements, where the photocurrent
response exhibits a discrepancy between two sweeping directions, as displayed in Figure 2.15.
The direction from short circuit to open circuit is defined as forward scan and the direction from
open circuit toward short circuit is referred to as reverse scan. As displayed in Figure 2.15(a),
the performance in reverse scan is better than that in forward scan, thus this variation makes the
determination of solar cell’s PCE difficult.
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Figure 2.15: (a) A typical J-V curve hysteresis behavior in a PSC. The arrow represents the scan direction.

(b) J-V response of PSCs with different scan rate. “CV scan” suggests the scan cycle. (b) is reproduced from
Ref 143,

Several features of hysteresis behavior have been summarized. At first, the behavior is
associated with the intrinsic perovskite mateiral and its interfaces with ETL and HTL,"*? as
several studies have reported hysteresis-free pervoskite devices achieved by defect passivation
or interface engineering.!’®!” Also, the PSCs with TiO2 mesoporous structures yield less severe
hysteresis than planar TiO: layer.'*® Secondly, the timescale of hysteresis was found to range
from ~10 seconds to ~100 seconds.!*>!¥! Thirdly, hysteresis strongly depends on the scan
condition, e.g. scan speed and scan range. As shown in Figure 2.15(b), it is more pronounced
at higher scan speeds and drops off at very slow speeds.!®!83 On the basis of these different
experimentally observed features, the origin of the hysteresis phenomena in perovskite solar
cells will be elaborated in the following.
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2.5.3.2 Origin

Ferroelectricity: Ferroelectricity is the property that spontaneous polarization in the material
can be modulated by an external electric field and this is one possible reason for hysteresis.
Based on a theoritical study, the degree of polarization due to the interaction between the
orientational MA™ dipoles and the inorganic lattice is suggested to be in the range of 5 uC/cm?
- 38uC/cm?.'84185 The exisitence of permanent dipole in OMHPs was proven by
electronabsorption spectroscopy or Stark spectroscopy.!**18¢ Therefore, due to its ferroelectric
property, the applied electric field causes the realignment of dipoles. These dipoles form an
electric field - V. Depending on the direction of the external electric field, the net built-in
potential will increase or decrease by Vp. As a result, it can facilite or inhibit charge extraction
and in a working solar cell it can lead to hysteresis.!®”!%8 However, several questions about this
mechanism could not be explained. One is the timescale, as the polarization switching happens
under a millisecond, estimated by DFT calculations.!3”!% The second is the overal small degree
of ferroelectricity effect under the operational condition of a solar cell.!”*!°! This suggests that
ferroelectric polarization is not the dominant factor for the hysteresis behavior.
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Figure 2.16: KPM characterization of the PSC at short-circuit condition. (a) Topography image of the PSC
cross section. (b) Contact potential difference map and (c) line profile before illumination, under illumination
and after illumination. Reproduced from Ref 2.

Charge trapping/detrapping: Photogenerated electrons and holes can be trapped by defects
under forward bias and subsequently released under short-circuit conditions. This charge
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trapping and detrapping process is partially responsible for the hysteresis behavior. This
mechanism is supported by the exsistence of defects with low formation energies, as discussed
in Chapter 2.4. Also, sereval studies indicate most of the defects are located at the grain
boundaries and at interfaces.!”*!** A direct evidence for this mechanism is provided by KPM
characterisation by measuring the chemical potential difference (CPD) of PSCs, which is
displayed in Figure 2.16. Comparing to the initial value, after illumination the CPD in the
mesoporous TiO:2 increases, while it decreases in the perovskite layer. This effect lasts within
the observation time of ~ 10min. It suggests that the exess holes in mesoporous TiO2 and excess
electrons in the perovskite layer are carriers that are trapped by defects.!”> A similar finding of
charge carrier accumulation and unbalanced charge carrier transport in PSCs was accomplished
with the help of electron beam-induced current measurements.'*> It is proposed that trap states
at the interface will adjust the band structure and hinder an effective charge carrier extraction.

Defect passivation has proven to significantly decrease hysteresis.!*®!?7
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Figure 2.17: Schematic diagram of band structure considering ion migration in PSCs. (a) Band configuration
of a PSC in dark at zero bias. (b) Band configuration of a PSC under illumination at open circuit condition.
(c) Band configuration of a PSC in dark at zero bias after negative or positive bias poling. Reproduced from
Ref %8,

lon migration: Under an electric field, the accumulation of mobile ions at the ETL/perovskite
and the HTL/perovskite interface and the corresponding band bending are proposed to be the
main contributors to hysteresis. Chapter 2.4 provides the experimental observation of ion
accumulation at the perovskite/electrode interface and the corresponding discussion about the
possible mobile ions in OMHPs, that are iodine and M A related defects. Detailed band diagrams
under different working conditions are summarized in Figure 2.17. In dark, the built-in electric
field drives negative ions towards the perovskite/ETL interface and positive ions towards the
perovskite/HTL inderface, as shown in Figure 2.17(a). The ion accumulation at the interfaces
create an electric field to compensate the built-in electric field, hindering the collection of
charge carriers.!3%!3:13¢ In Figure 2.17(b), when the device is at open circuit condition under
illumination, the initially accumulated ions are driven back by the photovoltage induced field.
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2.5 Perovskite Solar Cell Operation

Figure 2.17(c) shows the respective band bending after negative and positive bias poling. It
indicates that after positive biasing the internal electric field enhances and can enable facile
charge carrier extraction. Thus, when the PSC is scanned under different conditions, the status
of ion accumulation at the interface varies, which in turn impacts the J-J measurement
differently. This mechanism is supported by the simulations from Tress et al.. Their simulations
of J-V curves considering the net built-in electric field change nicely fit to their experimental J-
V curves.'®? Besides, Li et al. found a shift of the built-in potential during the device scanning.
The shift is equivalent to the change of Vo between two scanning directions.!** Thus, ion
migration plays an important role to explain and understand the hysteresis behavior.

However, there are still open quesitons regarding the timecales for trapping/detrapping and the
ion migration process itself. Studies underline that the time scale for charge trapping/detrapping
is within microsecond,'®>?% while the ion redistribution requires several minutes.'* This
suggests that there are several effects causing the J-J" hysteresis. Up to now, more and more
studies suggest that the hysteresis is a complex behavior, resulting from different influence
factors.?01-202293 Nevertheless, the synergetic effects of charge trapping/detrapping and ion
migration are most likely playing the major roles in the hysteresis behavior,!80-198.204
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3.1 Overall Synopsis and Conclusion

Although PCE of PSC has dramatically increased in the last few years, the instability related to
ion migration is still a challenge for its widespread use. Frequently observed problems in PSC
are, that prolonged illumination leads to a decrease of PCE and that hysteresis is prevalent in
its J-V curve characteristics. The studies presented within the next chapters show, that these
behaviors are strongly related to ion migration in the OMHP material. Meanwhile, the optical
properties, such as the PL, are found to be directly affected by migrating ions and the prevalent
defects, offering a reliable tool for profound and in-sifu investigations. Therefore, this thesis
focuses on the investigation of ion migration in PSCs, its effect on performance and the potential
suppression of ion migration by interfacial layer and intrinsic perovskite quality control. The
application of an additional PCBM layer can reduce the ion migration and stabilize the long-
time PCE. Another way is to reduce the number of mobile ions which are the intrinsic defects
in perovskites. In order to understand and minimize defect densities, the film formation and
crystallization process are studied with the help of two specially developed in-situ setups. Figure
3.1 illustrates the respective thematic connection between each chapter.
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Figure 3.1: Schematic overview over the relation from Chapter 4 to Chapter 8.

Chapter 4 and Chapter 5 focus on optical properties and study the emission development in
OMHP polycrystalline films under illumination using PL microscopy. Chapter 4 focuses on the
PL intermittency of individual perovskite grains which are underlying a PL. enhancement of the
whole perovskite film under continuous illumination. In addition to this, some PL quenching
areas on the scale of several-micrometers were observed, which is elucidated in Chapter 5.
Based on the timescale of the PL intermittency and local PL quenching behavior, it is possible
to ascribe them to prevalent mobile ions within the perovskite film. The ions migrate between
grains resulting in a defect accumulation. The ionized states of the crystals enhance non-

41



3.1 Overall Synopsis and Conclusion

radiative Auger recombination processes. Thus, the grains will exhibit low or high PL
intensities depending on whether charges are trapped or released respectively. However, there
exist some grains with higher defect density, where more ions accumulate. Consequently, PL
of these grains quenches and does not recover immediately. This unstable PL behavior also has
a negative impact on PSCs, as non-radiative recombination events can prevent solar cell
approaching their theoretical efficiency limit. It is therefore important to immobilize or
passivate the mobile ions in order to improve the photo-induced stability of OMHPs.

Chapter 6 investigates the mechanism of J-J hysteresis suppression by comparing three
configurations: a reference PSC, a PSC with a PCBM interfacial layer and a PSC with a PCBM
grafted polymer (PPCBM) interfacial layer. I noticed that only the PSC with PCBM interfacial
layer had a reduced hysteresis. With the help of PL imaging microscopy, the migration of iodide
ions/vacancies under an external electric field was analyzed in-sifu. It was found that the
PPCBM layer could hardly suppress the ionic migration under bias, while the PCBM monomer
layer could. The depth profile from XPS proved the incorporation of PCBM molecules in the
perovskite layer. Considering the immobility of fullerenes in the case of PPCBM, it is proposed
that the fullerenes at the surface of perovskite can’t effectively passivate the mobile iodide
ions/vacancies. Thus, hysteresis is suppressed by the PCBM molecules distributed in the bulk
of the perovskite, weakening ion migration and consequently lowering the internal built-in field
shift and interfacial barrier in PSCs.

In order to obtain perovskites with less mobile defects, the optimization of the perovskite film
formation and crystallization process is necessary. Hence, it is important to grasp the optical
and the structural changes during the film formation. Chapter 7 takes use of absorption and PL
spectra recorded during the spin coating process and Chapter 8§ employs X-ray scattering
measured during the film annealing step. The results allow us to access the explicit evolution
of the perovskite formation from the Pbl. and MAI source materials, including material
conversion and crystallization dynamics. Chapter 8 furthermore introduces a setup for solvent
vapor assisted annealing which can precisely control the solvent vapor pressure and temperature.
By means of this method, it is possible to optimize the annealing parameters and to prepare
perovskite films with large crystals.

In conclusion, my study could confirm ion/defect migration to be one major factor to cause
PSCs instability. I pinpointed the underlying mechanisms in the condition of light illumination
and external electric field. To suppress ion migration, the passivation of these ions by an
interfacial layer and the reduction of mobile ion density which is able to be achieved by the
improvement of perovskite film quality, are suggested to be constructive routes. Thus, I
elaborated the kinetics of perovskite film formation and crystallization, providing a guidance
on the control of perovskite film processing. Overall, the perovskite film formation kinetics, the
photophysics in perovskite films and PSC deterioration mechanism learned in this thesis give
insight into further development of PSCs
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Emission Enhancement and Intermittency in Polycrystalline
Organolead Halide Perovskite Films

Chapter 4 mainly discusses the photophysics of MAPbI3—«xClx by correlating conventional PL
characterization and high resolution wide-field PL imaging. The excitation intensity-dependent
photoluminescence quantum efficiency (PLQE) measurements show that the PLQE increases
with excitation intensity and reaches a saturated value of ~30% when the excitation intensity is
higher than 70 mW/cm?. This can be explained by a trap-filling process, where sub-band gap
traps are filled by photogenerated electrons/holes as explained in Chapter 2.3. Thus, a saturation
of the PLQE value is reached when all the traps associated with non-radiative recombination
have been filled as the electron/hole density increases. However, the overall PLQE is still
relatively low, indicating the existence of another non-radiative recombination pathway rather
than a trap-assisted recombination.
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Figure 3.2: (a) PL intensity trajectory of a rectangle 30 um * 40 um. The red-line is the fit by an exponential
function. (b) PL intensity trajectory after subtraction of the exponentially increasing base line. It is extracted
from a circle with 1.5 um diameter (¢) and (d) Individual grains show PL blinking, indicated by yellow arrows.

To further understand the non-radiative recombination in the perovskite film, we used PL
microscopy to study the spatial and temporal PL changes. PL images were captured every 500
ms (see Figure 3.2(a) and (b) for exemplary images). It was found that the PL intensity
continuously increased within the illumination time, as shown in Figure 3.2(c). The fast PL
increase in the beginning is attributed to a trap-filling process and the later slow increase is
suggested to be related to defect migration and passivation. Besides the overall PL enhancement,
strong fluctuations in PL intensity were observed which were beyond the experimental noise.
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The fluctuations became more pronounced after an exponentially increasing baseline was
subtracted, which is displayed in Figure 3.2(d). From the areas indicated by yellow circles in
Figure 3.2(a) and (b), the switch between the strongly emissive state and the weakly emissive
state could be observed. By comparison with the PL intermittency behavior in other materials,
this appearance suggests a charge trapping process in perovskites. One of the photogenerated
charge carriers (electrons or hole) can be trapped by defects, leaving the other charge carriers
coupled with new electron-hole pairs. This Auger-like non-radiative recombination will be
enhanced by local ionized states that are caused by ion accumulation. This effect leads to the
observed weak PL. When no charges are trapped in grains, charge carriers tend to undergo bi-
molecular recombination, yielding a strong PL.

When the perovskite film is covered by a PCBM layer, the PL intermittency significantly
decreases. One reason is that PCBM can passivate the defects in perovskite, reducing the
number of charge trapping states. As Auger recombination rate is proportional to the third order
of charge carrier density, another reason is that PCBM can effectively transfer the charge
carriers from the perovskite, reducing the charge carrier density. This finding suggests a way to
suppress the PL blinking in OMHPs.

In situ Investigation of Light Soaking in Organolead Halide
Perovskite Films
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Figure 3.3: (a) The PCE decay of a PSC under continuous illumination (1.5 AM) in nitrogen atmosphere. (b)
PL intensity trajectory of the region marked by red rectangle. The temporal evolution of the inserted image
is shown in (c) and (d). The film is under illumination of 40 mW/cm? at 532 nm wavelength.

PSCs tend to exhibit photo-induced instabilities under continuous illumination. The PCE decay
of a PSC is exemplarily shown in Figure 3.3(a). It is obvious that the PCE decreases quickly
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within the first 100 seconds and after 500 seconds the PCE decreases by 18% relative to the
initial PCE. The corresponding Voc decreases similar to the PCE decay, while the Jsc remains
almost constant during illumination. In PSCs typically the Vo increases when the external
luminescence efficiency increases. Thus the observed Voc decrease is somewhat surprising at
first, especially when taking into account the observation from Chapter 4, where the emission
of the perovskite film increased under continuous illumination. However, the further study
shows that scattered local areas display a strongly reduced PL upon long-time illumination, as
exhibited in Figure 3.3(b)-(d). The relationship between this PL quenching phenomenon and
the Voc decay is studied in detail in Chapter 5.

Figure 3.3(b) exhibits the PL intensity change of a local area (~ 2 um * 2 um), where the PL
intensity increases in the first 45 seconds and then shows a decay. The decay time depends on
the illumination intensity and it is in the range from 10 seconds to 100 seconds. This timescale
corresponds to the timescale of the Voc decay of the PSC. These PL inactive areas recover after
being kept in dark and so does the PCE of PSC. This suggests that the enhanced non-radiative
recombination in the local areas is responsible for the PSC deterioration. The proposed origin
for the local PL change is the migration and localization of mobile ions, i.e. iodide ions, within
the perovskite film under illumination, inducing non-radiative recombination centers. Also, the
photo-induced field will facilitate ion migration in perovskite film. Thus, this study explains the
negative effect of photo-induced ion migration and accumulation on the PSC performance.

Role of PCBM in the Suppression of Hysteresis in Perovskite Solar
Cells

The suppression of the J-V curve hysteresis in PSCs by PCBM has been reported, but the
explicit mechanism is not completely understood yet. The observation in Chapter 4 suggests
that fullerenes such as PCBM do not only act as an efficient electron transport layer, but also
can help to passivate the defects in perovskite films. This inspired us to study the role of a
PCBM layer in PSCs in Chapter 6. In this study, PCBM serves as an interfacial layer between
the ETL, 1.e. TiOz2, and the perovskite. We found a significant amount of incorporation of PCBM
within the grain boundaries of the perovskite film caused by dissolution during processing and
diffusion while annealing. For comparison, a polymerized form of PCBM (PPCBM), i.e.
fullerene molecules attached to a long polymer backbone, was used. It was discovered that the
PSC with the PPCBM layer yielded more severe hysteresis than the PSC with PCBM layer, as
shown in Figure 3.4.

Considering the possible origin of hysteresis, namely iodine ion/vacancy migration, we
estimated the activation energy related to ion/ vacancy migration with the help of temperature-
dependent chronoamperometric measurements. The results imply that the devices with PCBM
exhibit a higher activation energy than the devices with PPCBM or the reference devices
(FTO/T102/perovskite/Spiro-OMeTAD/Au). This prompted me to look into the migration
process in more detail comparing iodine ions/vacancies migration under external electric field
in the three systems: single perovskite layer, perovskite/PCBM bilayer and perovskite/PPCBM
bilayer. We made use of the model illustrated in Figure 2.11 and found that the ionic mobility
in the perovskite/PCBM bilayer was significantly lower compared to the two other systems.
These investigations suggest that the PCBM molecules are prevalent within the perovskite film
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rather than only residing at the interface and this is a key factor to reduce ionic migration in the
perovskite. Measuring a depth profile using XPS with sputtering corroborates the incorporation
or diffusion of PCBM molecules into perovskite layer.

Au (b)zo
Spiro-OMeTAD 1 \
o 15} R W |
Perovskite | - = — i ; 5
| ; 1 [}
, & 1o} ! p
PCBM < ! .
— € 1 .
TiO2 - 5| ; % .
' * reverse ; % e
v 1 “
ITO Glass fqrward. I N N Y‘i
' 0.2 04 0.6 0.8 1.0
Voltage (V)
(c) (d) = .
i
15 1
J
OMe OMe OMe & 1
E 1
PPCBM =" |
— = i
, = st i
« reverse :
| o fowad W
0.2 04 0.6 0.8 1.0
Voltage (V)

Figure 3.4: (a) PCBM structure and the PSC architecture with PCBM. (b) J-V curve of the device in (a). (c)
PPCBM structure and the PSC architecture with PPCBM. In PPCBM, the molar ratio of -PCBM to -
CsH4OCH3 is 1 to 9. (b) J-V curve of the device in (c). The dashed line is to indicate the current density

. 1 . . .
difference when V = 7 Voc (reverse). The arrows represent the scan directions when measuring the J-V curve.

Based on the assumption that iodine ions/vacancies migration are one of the main reasons for
hysteresis, we outline the mechanism of hysteresis suppression in PSCs. PCBM molecules in
the interfacial layer are able to incorporate or diffuse into the perovskite film, where they mainly
locate within the grain boundaries, passivating iodine related defects. This passivation
significantly hinders the ionic migration, diminishing the modulation of internal field under bias.
This finding paves a way to fabricate PSCs with stable output.

Investigating Two-Step MAPbI; Thin Film Formation during Spin
Coating by Simultaneous in situ Absorption and Photoluminescence
Spectroscopy

In order to optimize perovskite films, an in-situ setup was used to record the absorption and PL

spectrum during the spin coating process, which is illustrated in Figure 3.5(a). Chapter 7
discusses the evolution of the optical properties when MAI solvent is spin coated on a Pblz layer.

This setup allows to record the time-dependent absorption and PL spectra with a resolution of
< 0.1 second and graphically display their resolution in 2D color maps as exemplarily shown in
Figure 3.5(b). Based on the spectral changes, we could identify five ranges of film formation.
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In time range I, the PL spectrum shows a fast initial shift towards lower energies. In time range
II, the PL shape keeps constant and the absorption showing typical MAPDI3 signal is observed.
In time range III, the high-energy edge of the PL shifts to lower energies and the absorption
increases slightly. In time range IV, i.e. from 12.6 seconds to 14.0 seconds, the entire PL
spectrum shifts from 1.63 eV to 1.60 eV, while the abortion exhibits a steep increase and then
a small decrease. In time range V, no further changes are observed. By analyzing these spectral
features in detail, we could explain the film formation process with the following five steps: (I)
formation of a thin MAPbI3 capping layer; (II) evaporation of solvent; (III) dissolution of
MAPDI3 capping layer; (IV) main dissolution-recrystallization process and formation of most
MAPDI3 crystals; (V) a temporal final stable state.
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Figure 3.5: (a) Schematic of in-situ spectroscopy setup for spin coating method. (b) 2D absorption and PL
map. Each PL spectrum is normalized to its maximum intensity. (c) The film thickness along with the spin
coating time. They are derived from different spectroscopy analyses.

Furthermore, we calculated the film thickness as a function of spin-coating time based on the
measured spectra shown in Figure 3.5(c). From the PL shift in time range I due to the PL
confinements effect and the PL shift in time range IV originating from self-absorption, the film
thickness development in these two ranges is obtained. By employing Lambert-Beer law to
simulate absorption spectrum with different thicknesses and comparing them with the
experimental absorption, film thickness in time range II to range V can be calculated. Also, the
thickness of the entire layer is roughly estimated from the absorption interference signal
observed in range III. This work provides a basis for subsequent modification of the perovskite
formation process.
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Crystallization Kinetics of Controlled Solvent Vapor Assisted
Annealing of Organo Lead Perovskite Film

As grain boundaries and surfaces typically possess a higher defect density compared to the bulk
of the perovskite, it appears desirable to fabricate perovskite films with large grain sizes.
Annealing the perovskite precursor film under some solvent vapors is a constructive way to
influence the crystallization process in order to increase the grain size and crystallinity.
Therefore, Chapter 8 focuses on the systematic investigation of solvent vapor assisted annealing
(SVAA) of perovskite films by adjusting the vapor concentration. In this study, perovskite
precursor films already prepared by a two-step spin-coating method were annealed under N2
with DMF vapor for the first 30 min and then 15 min under pure N2. With a home-built setup,
the DMF vapor concentration in the first 30 min could be controlled. As presented in Figure
3.6, the increase of DMF vapor concentration leads to an increase in crystal sizes, ranging from
200 nm to several micrometers.
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Figure 3.6: (a) SEM image of perovskite film annealed under different DMF vapor concentration. The labels
represent DMF concentrations. (b) The average crystal grain sizes of perovskite film along with the DMF
concentration.

To get an in-depth insight of the crystallization process, I carried out an in-situ grazing incidence
wide-angle X-ray scattering (GIWAXS) measurement during the solvent vapor assisted
annealing of an as-spun perovskite film. This measurement was with a relatively low DMF
vapor concentration - 1.0 X 10 mol/cm?. The GIWAXS results show that an MAI-Pbl,-DMF
complex phase during the entire solvent assisted annealing process. This contrasts to the
measurements on a precursor film that is only heat annealed (in pure N2 atmosphere), which
shows an MAI-Pbl.-DMF complex phase only at the very beginning of annealing. During
SVAA, this MAI-Pbl>-DMF complex is mostly formed at the surface or grain boundary areas
and it is possible to connect the nearby crystals. When DMF vapor concentration is sufficiently
high, the appearance of pinholes on the final film implies that DMF vapor is able to condense
on the crystal surface and dissolve small perovskite crystals. The solvent in which perovskite
crystals are dissolved attaches to the undissolved large crystals and the solute grows on the
crystals, which is similar to an Ostwald ripening process.

Overall, I can establish two crystallization processes during SVAA when the sample is annealed
at a low concentration or a high concentration of DMF vapor. This detailed understanding will
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help to precisely control the annealing process and thus the optoelectronic properties of halide
perovskite films.
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Abstract: Inorganic-organic halide organometal perovskites have demonstrated very promising
performance for opto-electronic applications, such as solar cells, light-emitting diodes, lasers,
single-photon sources, etc. However, the little knowledge on the underlying photophysics, especially
on a microscopic scale, hampers the further improvement of devices based on this material. In this
communication, correlated conventional photoluminescence (PL) characterization and wide-field
PL imaging as a function of time are employed to investigate the spatially- and temporally-resolved
PL in CH3NH;3Pbls_(Cly perovskite films. Along with a continuous increase of the PL intensity
during light soaking, we also observe PL blinking or PL intermittency behavior in individual grains
of these films. Combined with significant suppression of PL blinking in perovskite films coated
with a phenyl-Cé61-butyric acid methyl ester (PCBM) layer, it suggests that this PL intermittency is
attributed to Auger recombination induced by photoionized defects/traps or mobile ions within
grains. These defects/traps are detrimental for light conversion and can be effectively passivated by
the PCBM layer. This finding paves the way to provide a guideline on the further improvement of
perovskite opto-electronic devices.

Keywords: perovskite solar cells; photoluminescence; intermittency; Auger recombination;
ion migration; passivation; blinking; Methylammonium Lead Halide; methylammonium lead iodide

1. Introduction

Together with the unprecedented development of solution-processed inorganic-organic halide
organometal perovskite-based solar cells (e.g., CH3NH;3Pbl;_Cl, and CH3NH;3Pbls), with power
conversion efficiency (PCE) evolving from 3.8% [1] to 20.1% [2], the characterization of these materials
has also made significant breakthroughs in the last few years [3]. A number of different methods are
employed, ranging from crystallographic study [4,5], photo-physical investigation [6-8], to electrical
characterization [9,10], etc. Presently, both scientific and technical interests concentrate on how to
further improve PCE and decrease the energy loss during the light conversion process. However, till
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now, there is still lack of a general guideline and evaluation to characterize the quality of perovskite
films, especially at a microscopic scale.

Among various characterization approaches, photoluminescence (PL) measurements [6,11],
in particular wide-field PL imaging [12-15], have been demonstrated to be powerful tools to reveal
the underlying physics in perovskite materials, such as the distribution of defects, charge carrier
lifetimes, analyzing recombination processes, etc. In general, PL characteristics of perovskite films
are closely connected with its quality, in terms of the charge carrier lifetime and the recombination
pathway [16]. In detail, a slow PL decay, or long carrier lifetime, is associated with less unintentional
doping or defect states inside a domain, which lead to unfavorable non-radiative carrier recombination
pathways [14]. Charge carrier recombination is considered as a combination of (1) trap-/defect-assisted
(Shockley—Read-Hall recombination, via the sub-bandgap traps) (first order); (2) free electron-hole
bimolecular (second order) and (3) Auger recombination (third order) [17,18]. Among them, radiative
bimolecular recombination would be preferable as it facilitates approaching the maximum PCE,
i.e., the Shockley—Queisser limit [19].

Although individual perovskite nanoparticles have been intensively studied by confocal PL
microscopy [13,20,21], the knowledge on the perovskite film (i.e., ensemble of perovskite grains) [15]
is still far from being fully understood. This is mainly due to the complex boundary conditions, broad
distribution of particle sizes and trap sites [14]. In this communication, therefore, we apply both
conventional PL characterization and the spatially-/temporally-resolved PL imaging to investigate
perovskite films, revealing the possible factors hindering PCE towards the Shockley-Queisser limit.

2. Result and Discussion

The CH3NH;3Pbl;_Cly perovskite films, which are investigated in this communication,
are prepared by spin-coating of a mixed halide precursor solution (CH3NH3I:PbCl, = (3:1)) on quartz
glass substrates, followed by a thermal annealing step in a nitrogen glovebox. The detailed fabrication
process has been described in previous work [22]. The morphology of the film is shown in Figure 1.
A uniform perovskite film is deposited on quartz substrate with only minor pinhole density due to
gas release during annealing [23] (Figure 1a). We also employ atomic force microscopy (AFM) to
investigate the microscopic structure of the film, shown in Figure 1b,c. It is evident that the perovskite
film is comprised of densely-packed grains, which are ranging from 100 nm to 800 nm in size.

a) 350 nm

Figure 1. Morphology characteristics of a CH3NH3;Pbls_,Cly perovskite film. (a) Scanning electron
microscopy (SEM) image; (b) atomic force microscopy (AFM) morphology image; and (c) AFM phase
image. The color bar in (b) indicates height.

The UV-VIS optical absorption and PL spectra of CH3NH3Pbl;_Cly perovskite thin film,
measured with commercial spectrophotometers at room temperature are shown in the inset of Figure 2a.
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The absorption edge is located at around 769 nm, which is consistent with previous other papers [24].
For the PL properties, being excited by a 532-nm laser, the emission peak is centered at around 780 nm.
This small Stokes-shift (energy difference between optical absorption and emission), unlike the one
in organic materials, is attributed to the small vibrational relaxation in perovskite [6]. Incorporating
this perovskite film into a typical perovskite solar cell architecture (Figure S1) results in a performance
as shown in Figure 2a. From the light current-voltage (J-V) curve measurement, we obtain the
open circuit voltage V. = 1.06 V, short circuit current Jsc = 18.9 mA/ cm? and fill factor FF = 62.3%,
and, hence, the PCE is calculated as 12.5%.
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Figure 2. (a) Light current-voltage (J-V) curve measurement of a perovskite solar cell. The inset shows
the photoluminescence (PL) and UV-VIS absorption spectra of a perovskite film; (b) Time-resolved
photoluminescence measurement on a perovskite film with (red dots) and without (black dots) a PCBM
quencher layer, together with fit lines; (c) Photoluminescence quantum efficiency (PLQE) of a perovskite
thin film as a function of laser intensity. The inset shows the schematic of the device; (d) Schematic
diagram of the PL imaging microscope.

By monitoring the PL decay after photoexcitation, we can investigate the charge carrier
recombination kinetics. Figure 2b presents the normalized time-resolved PL behavior of this perovskite
film under pulsed laser excitation at 485 nm, with and without a phenyl-C61-butyric acid methyl
ester (PCBM) layer, respectively. The PL decay of the pure perovskite film cannot be described by
a mono-exponential decay. Rather, it can be described using a power-law dependence. The best
bi-exponential fit would give a dominant short decay component of about 52 ns.

Solid lines in Figure 2b represent the fits to bi-exponential decays, power-law decays and to
exponential decay. For the quenched PL decay with PCBM, a diffusion model as described by
Stranks et al. [6] should actually be applied. If one uses, for simplicity, an exponential fit, a decay
time of 15 ns is obtained. We also carry out steady-state photoluminescence quantum efficiency
(PLQE) measurements [25] on perovskite films with a PMMA layer as a function of the excitation
intensity using a wavelength of 485 nm to study the recombination. As shown in Figure 2c, in the
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initial low excitation intensity regime, PLQE rises with the laser intensity. We consider that this
increase is associated with the possible trap-filling process, as well as the increase of exciton density
as the photogenerated species [17,26]. In detail, due to the low temperature solution processing
of the perovskite film, there can be various defect states within the crystallized bulk and surface,
such as vacancies, interstitials, substitutions, etc. [27-29]. These defects can act as trap-assisted
recombination (Shockley—Read-Hall recombination) centers, via which the free charge carriers can
undergo non-radiative recombination processes [30]. These recombination centers would lead to
shorter carrier life times and a lower open circuit voltage (Voc). When illuminated, these sub-bandgap
traps would be filled and stabilized by photogenerated electrons/holes, reducing the non-radiative
recombination probability and consequently increasing V. under light soaking [31,32]. For the higher
excitation intensity, the PLQE would reach a saturated value, indicating that all traps associated
with the non-radiative recombination have been filled [17,26,33]. This scenario is consistent with
our experimental data. However, we note that the PLQE is still quite low, around 30%, which
is supposed to approach unity according to the detailed balance model [19,34]. This implies that
besides the trap-assisted recombination, there exists an additional non-radiative recombination
pathway. To understand the detailed mechanism, which suppresses the further increase of PL intensity,
we employ spatially- and temporally-resolved PL microscopy to investigate the perovskite film locally
on the level of individual grains.

The detailed experimental setup, which is displayed in Figure 2d, has been described in a previous
paper [35]. Briefly, we employed a home-built microscope, which can be operated using wide-field
illumination, and a charge-coupled device (CCD) camera as detector to image the PL of large areas
(diameter ~60 um) of a sample. We measured typically sequences of up to 2000 PL images with
exposure times as short as 50 ms per image, which allows us to follow temporal changes of the PL
intensity from the perovskite film under continuous laser illumination at a wavelength of 532 nm.
Here, to rule out the possible influence of environmental effects on the perovskite films, i.e., oxygen
and water molecules [36,37], we spin-coated a polymethyl methacrylate (PMMA) layer with a ~200-nm
thickness on the top of the perovskite film as the protection layer. In addition, the PMMA layer was in
direct contact with the immersion oil of the microscope objective during the whole PL characterization,
which further prevents oxygen from diffusing into the film.

Figure 3a is an example of a wide-field PL image out of a sequence of images from a perovskite
film, which agrees generally with the SEM result, showing ensembles of grains on the film and the
appearance of pinholes on the surface. Note that, due to the diffraction limit, grains with a size
smaller than ~300 nm cannot be resolved with our microscope and, thus, appear as blurred structures.
However, we still observe the existence of dark crystal grain/particle boundaries. The observation
of dark grain boundaries (non-radiative recombination centers) has also been observed by higher
resolution confocal microscopy, as demonstrated by deQuilettes et al. [14] for example.

Figure 3b shows the PL intensity as a function of time, obtained by extracting the integrated PL of
the orange circled Area A in Figure 3a from each image of the sequence. We find that the PL intensity
continuously increases during the light soaking process, as shown in Figure 3b. This increase, which
agrees with the previous PLQE measurement, has also been reported in other papers [17,21,38] and is
attributed to trap filling processes.

Here, we note that the time dependence of the PL intensity in Area A, shown in Figure 3b,
is fitted well by a bi-exponential function with time constants of ~14 s and ~280 s and prefactors
of 230 and 690, respectively. Higher excitation intensities render shorter time constants, which is
shown in more detail in the Supplementary Materials (Figure S2). This implies that there exist
two distinct trap-filling processes, that is a quick one and a much slower one. We propose that
the quick process is associated with the direct filling of defect states in the perovskite film [20].
These defects originate from the symmetry breaking of the perfect bulk crystalline structure in the
vicinity of the surface or grain boundary, where well-defined facets are lacking [29]; while, for the
slower one, we assume that it is ascribed to the formation and migration of defect states in the
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perovskite film under light illumination. Recently, more and more studies have been carried out in this
field, investigating the roles of defect formation/migration on the hysteresis and long-term (seconds
to minutes) phenomena [39-41]. Hoke et al. [42] observed the presence of an iodine-rich phase in
mixed halide perovskite under light irradiation. Chen et al. [43] detected the light activation and
accumulation of ions by light soaking, resulting in PL quenching in the perovskite film. Yuan et al. [44]
attributed the degradation of perovskite structures to the ion migration via light or external electron
beam. Hentz et al. [45] also observed the formation of an iodine-rich region induced by an external
electron beam.

a)

Fluctuation PL Intensity (a.u)

7| PO T TR S TP TP T T
0 50 100 150 200 250 300 350

Figure 3. (a) Wide-field PL image of a perovskite film taken from a sequence of
400 consecutively-recorded images with an exposure time of 50 ms, an interval time of 500 ms and
an excitation intensity of 44 mW/cm?; (b) PL intensity trajectory extracted from Area A in the sequence
of images in (a). The red line is the fit by an exponential function; (c) Enlarged view of the yellow
square area of (a); (d) PL intensity trajectory extracted from Area B in (c) after subtraction of the
exponentially increasing base line; (e,f) Individual grains in “ON” and “OFF” states, respectively,
indicated by yellow arrows.

The overall continuous PL intensity enhancement, as shown in Figure 3b, is superimposed by
strong PL intensity fluctuations beyond experimental noise. This behavior is reminiscent of random
switching between ON (highly emissive state) and OFF (weakly emissive state) in the emission
trajectory, which is known as blinking or PL intermittency [46]. The intermittency behavior is
demonstrated in the Supplementary Materials (Figure S3), which shows the long-term OFF state.
In addition, the video in the Supplementary Materials also clearly indicates the blinking behavior
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confined within individual grains. Although the blinking behavior has been observed in perovskite
nanocrystals [13,21,47], it is still not fully studied on compact films composed of the densely-packed
perovskite grains [15].

To reveal the underling mechanism, we investigate individual grains, thus avoiding averaging
over ensembles of grains in the film. Figure 3¢ displays an enlarged view of the yellow boxed
area in Figure 3a, and an individual grain is highlighted by the orange circle labeled with B.
As shown in Figure 3d, the PL intensity trajectory of this grain B, after subtraction of a continuous
bi-exponentially-increasing baseline, shows a typical blinking behavior (see Supplementary Materials,
Figure S3 for the individual grain in a shorter time scale), that is random distribution of ON/OFF
states in the PL intensity trajectory. More individual grains exhibiting “ON” and “OFF” states are
shown in Figure 3e,f, and the Supplementary Materials (Figure S3). Note that some ON or OFF states
even last for more than 20 s, which indicates a significantly slow dynamic process.

To further investigate the detailed processes giving rise to blinking, we performed PL imaging on
perovskite films coated with a PCBM layer, which acts as a PL quencher layer. Compared to the pure
perovskite film, the overall PL intensity reduces significantly despite using higher excitation intensities
(Figure 4a, which shows a PL image out of a sequence of images). This PCBM layer effectively separates
the photogenerated charge carriers (free electron/hole or weakly bound excitons) [48], because
PCBM serves as an electron acceptor and consequently quenches the radiative charge recombination
(Figure S4). Figure 4b shows the integrated PL intensity of the yellow circled area in Figure 4a as
a function of time, which can be well fitted by a bi-exponential function with time constants of 5.4 s
and 14.6 s, respectively. This is consistent with the results displayed in Figure 2b, in which a faster
(quenched) PL decay is due to the PCBM quencher layer. It is interesting to note that although the
overall PL still increases as a function of time, the blinking amplitude significantly reduces below the
noise level (the ratio between the fluctuation and the average emission intensity), both in the whole
film and in individual grains, as shown in the inset of Figure 4b.

b
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Figure 4. (a) Wide-field PL image of a perovskite film, covered with a PCBM quencher layer, taken from
a sequence of 200 consecutively-recorded images with an exposure time of 100 ms, an interval time of
500 ms and an excitation intensity of 280 mW/ cm?; (b) PL intensity trajectory extracted from the yellow
circled area in the sequence of images in (a). The red line is the fitting line by a bi-exponential function.
The inset shows the relative fluctuations of the PL intensity after subtraction of the bi-exponential
fit function.

Based on the previous results, combining both the conventional PL characterization and wide
field PL imaging, we can reveal the underlying physics in the enhancement and quenching of the
PL. Though there are several models to interpret the blinking behavior [46,49,50], the presence of
OFF states in perovskite film/nanoparticles is commonly attributed to additional charges due to
charge trapping process [15,20,21]. When there is no charge trapped in perovskite grains, shown in
Figure 5a, the dominant decay process is bi-molecular recombination (for medium carrier densities) [17],
which is radiative during the recombination process, denoted as the “ON” state. In contrast, when

59



4 Emission Enhancement and Intermittency in Polycrystalline Organolead Halide Perovskite Films

Molecules 2016, 21, 1081 7 of 12

photogenerated charges are trapped in the grain, either by surface or bulk defect states, the ionized
surrounding enhances Auger recombination [15,51]. This recombination involves a recombination of
an electron and a hole, followed by a process of energy transfer to a third carrier instead of photon
emission, as shown in Figure 5b. This process is non-radiative and therefore renders the grains dark in
PL imaging, denoted as the “OFF” state. When these trapped charges release, the PL emission recovers
to the “ON” state. This Auger recombination statistically reduces the PL intensity in the whole film,
resulting in the loss in V. and PCE [52,53].

9@

——
"/;IJI? i f\“fkhv
——

ON State OFF State

Figure 5. Schematic diagrams of the relationship between the charged grains and blinking behavior
in perovskite. (a) In the uncharged states, the dominant recombination pathway is bi-molecular
recombination; (b) In the charged states, the non-radiative three-carrier Auger recombination plays
an important role. Blue ball represents an individual perovskite grain.

Note that the long durations of more than 20 s of “ON” and “OFF” states are similar to the slow
response in electrical transient behavior, such as hysteresis and light-induced degradation [15,44].
This implies that it can be associated with the same mechanism, i.e., ion migration. These ions
can be driven by the external electrical field and consequently accumulate, enhancing the Auger
recombination locally [15]. In addition, these ions are also able to migrate between grains within the
film [15,41].

When the perovskite film is covered with a PCBM quencher layer, the PL blinking is significantly
suppressed (insets in Figure 4b). This is ascribed to two possible reasons: First, PCBM has been
demonstrated to be a good candidate to passivate traps in perovskites, leading to a charge de-trapping
process [54]. In addition, the insertion of PCBM suppresses the ionic migration among the grains of
perovskite, leading to a further reduction of PL blinking [55]. Second, the Auger recombination is
proportional to the third power of charge carrier density 7° [16]. Owing to the effective charge transfer
process at the perovskite/PCBM interface, the negative charge carrier density (#,) inside the perovskite
significantly decreases, giving rise to the decrease of the Auger recombination contribution.

3. Experimental Methods

CH3;NHsI (MAI) was purchased from Tokyo Chemical Industry (TCI Deutschland GmbH,
Eschborn, Germany), and all other chemicals were purchased from Sigma-Aldrich and used as received.
3.1. Perovskite Film Fabrication for PL Experiment

Glass substrates were washed and cleaned with acetone and isopropanol for 10 min each in
ultrasonic baths. Then, these glass substrates were treated within an ozone chamber for approximately
10 min. Following that, in a nitrogen glovebox (both water and oxygen less than 10 ppm), the perovskite
precursor, i.e., MAI and PbCl; (3:1) in anhydrous N,N-dimethylformamide (DMF), was spin-coated
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on glass substrates at 3000 rpm for 60 s. Then, these as-spun films were annealed at 100 °C in the
nitrogen atmosphere for 60 min. Subsequently, 20 mg/mL phenyl-C61-butyric acid methyl ester
(PCBM) dissolved in chlorobenzene were coated on the film at 2000 rpm for 30 s as a quencher layer.
In the end, 40 mg/mL poly(methyl methacrylate) (PMMA) dissolved in butyl acetate (anhydrous, 99%)
was spin-coated on the perovskite film at 2000 rpm for 60 s acting as a protection layer.

3.2. Conventional PL Characterization

3.2.1. PLQE Measurements

Photoluminescence quantum yield (PLQE) was taken using an integrating sphere and a laser
diode at a 485-nm wavelength (PicoQuant GmbH, Berlin, Germany). The spectra are spectrally
corrected for grating, charge-coupled device (CCD) and fiber efficiencies.

3.2.2. Time-Correlated Single Photon Counting

PL transients are measured with a time-correlated single photon counting (TCSPC) setup
(FluoTime 200, PicoQuant GmbH). The excitation source was a pulsed laser diode with a 485-nm
wavelength with 2- to 10-MHz repetition rate and a pulse duration of about 140 ps.

3.3. PL Imaging Setup

The setup used for PL imaging of perovskite films is based on a home-built confocal microscope.
The excitation source was a pulsed diode laser (LDH-P-FA-530L, 20-MHz repetition rate, 70-ps pulse
duration, PicoQuant GmbH). This laser beam was spatially filtered and directed to the microscope
equipped with an infinity-corrected high-numerical-aperture oil-immersion objective (Plan Apo, 60X,
numerical aperture 1.45; Olympus, Japan). The perovskite film was placed in the focal plane of the
objective, and the sample position was controlled by a piezo-stage (Tritor 102 SG, piezosystem Jena
GmbH, Jena, Germany). In order to homogeneously illuminate a large area (diameter ~60 um) of the
films, we additionally inserted a wide-field lens in the excitation beam path that focuses the laser light
into the back-focal plane of the objective.

The PL signal was collected by the same objective, passed a long-pass filter (LP545, AHF
analysentechnik AG, Tiibingen, Germany) to suppress residual laser light and was imaged onto
a CCD camera (Orca-ER, Hamamatsu, Japan) by an objective lens. We have done an estimation
on the noise level of the PL intensity measurement as follows. The laser power stability is better
than 3% (r.m.s.); to be conservative, we use 3% in the following, i.e., sy 45 = 0.03. The CCD’s dark
current amounts to 0.03 electrons per pixel per second, i.e., with the used exposure times of <100 ms,
this dark current is <0.003 electron per pixel per exposure. As will be clear from the numbers calculated
below, this dark current is negligible and will not be considered further. The readout noise of the
CCD-camera is 8 electrons (r.m.s.). The measured and displayed signals are given in AD counts
(i.e., after signal amplification and AD conversion). The resulting conversion factor is 4.6 electrons
per AD count according to the manufacturer. Finally, the created electrons have to be converted into
detected photons to estimate the photon shot noise contributing to the signal. In the emission range
of the samples around 800 nm, the quantum efficiency of the CCD amounts to 30%. For the data
shown in Figure 3b,d, we estimate the noise level in the high signal regime starting at around 100 s.
Here, the average signal is 2200 AD counts, corresponding to 10,120 electrons or 33,700 photons. For the
readout noise, we then obtain sccp = 0.0008. From the number of detected photons, the shot noise is

Ssiot = 0.005. Hence, in total, the noise level iss = \/ s%aser + SZCCD + séh ot = 0.03, which translates
into 67 AD counts. Comparing this noise level to the observed signal fluctuations of about =150 AD
counts in Figure 3d, it is clear that these fluctuations cannot arise from noise. For the data shown
in Figure 4, the situation is slightly different: using the displayed AD counts of around 500 in the
high signal regime starting around 80 s, we obtain a noise level of 16 AD counts following the same
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procedure as above. Hence, in the presence of the PCBM quencher layer, the observed fluctuations are
largely determined by the noise level in these experiments.

4. Conclusions

In summary, by employing the conventional PL and wide-field PL image characterization, we have
observed the enhancement and fluorescence intermittency (PL blinking) in a mixed halide perovskite
film. We attribute the PL enhancement to the trap-filling process. In the meantime, we suggest the PL
blinking behavior to the enhanced Auger non-radiative recombination due to the additional charges
within the grain. These charges possibly originate from the photogenerated charge carriers trapped by
defects or the mobile ionized defects (e.g., iodide ions or iodide vacancies). This photoionized process
results in the PL blinking, hindering the approach towards the Shockley—Queisser limit. Therefore,
this finding provides unique insight to a guideline on how to further improve the PCE of perovskite
solar cells.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/21/
8/1081/s1.
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1. Device Structure

Ag (150 nm)

Spiro-OMeTAD (120 nm)

Pervoskite (~500 nm)

TiO, (~60 nm)

Figure S1: The schematic diagram of a typical perovskite solar cell.

2. Evolution of Photoluminescence at Different Excitation Intensities

A pure perovskite film on glass (like in Figure 3) was measured under low (44 mW/cm?, Figure
S2a,c) and higher excitation intensity (280 mW/cm?; Figure S2b,d). Both curves were fitted by
a bi-exponential function, showing a much faster increase process with time constants of 4 s
and 120 s at the higher excitation intensity.
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Figure S2: Comparison of PL intensity trajectory extracted from the same device in the sequence of images
with excitation intensities of (a) 44 mW/cm? and (b) 280 mW/cm?, respectively. The red lines are the
corresponding bi-exponential fits; (¢,d) are the fluctuation of the PL intensity under excitation intensities of
44 mW/cm? and 280 mW/cm?, respectively.
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3. Blinking in Detail

A video file is available for download, showing the PL intermittency in the pristine
CH3NH3PbI3xClx perovskite film (excitation intensity 44 mW/cm?). The sequence is played
1.4x faster than real time. The diameter of the illumination spot is ~60pm.
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Figure S3: Different grains with PL blinking behaviors. (a) to (¢) are one single grain with short OFF states;
(d) to (f) are one single grain with longer OFF states.
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ABSTRACT

Organolead halide perovskite solar cells (PSCs) have generated extensive attention recently with power conversion efficiency (PCE) exceeding
23%. However, these PSCs exhibit photoinduced instability in the course of their current-voltage measurements. In this work, we study the
light-induced behavior in CH3NH3PbI;_«Cly films in situ, by employing wide-field photoluminescence (PL) microscopy to obtain both the
spatially and temporally resolved PL images simultaneously. Along with the increase in the PL intensity under continuous illumination, some
areas render PL inactive. By characterizing the excitation energy dependent long-time PL decay behavior, we suggest that the PL quenching
can be ascribed to a localized accumulation of iodide ions driven by the optical field. This ion localization leads to an enhancement of
non-radiative recombination. The appearance of the PL inactive areas in the perovskite film impedes its photovoltaic device performance
approaching the theoretical maximum PCE. Therefore, the herein presented real-time investigation of the light soaking of perovskite films is
a versatile and adaptable method providing more details to improve the performance of PSCs.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5086125

Organolead halide perovskites [e.g., CH;NH3PbX;3 (X = I, Cl,
Br)] have received intensive attention since 2012, as they offer a
new class of photovoltaic materials for low-cost and high-efficiency
solar cells. Experiments toward a better understanding of their prop-
erties and fabrication processes have extensively been carried out,
ranging from fundamental studies to device applications and long-
term stability tests.” ” To minimize the degradation of the perovskite
materials, scientists have made improvements on film quality and
device stability, by controlling crystalline grain growth,”” developing
quasi-2D structures,”” or incorporating different cations.'”" How-
ever, the detailed mechanism on optical/electrical induced degrada-
tion is still not fully elucidated.

Photoluminescence (PL), i.e., the radiative recombination pro-
cess after optical excitation, has been demonstrated to give a strong
correlation with film quality and device performance. The PL
decay can demonstrate the charge carrier life time,'”"” the spatial

distribution of defect density, and the charge carrier recombina-
tion."*"” For instance, in the vicinity of perovskite grain bound-
aries, more defects are prevalent, resulting in non-radiative decay
and a lower PL intensity.'® Any non-radiative recombination would
impair the carrier density buildup, preventing the photovoltaic
device from approaching the theoretical Shockley-Queisser effi-
ciency limit, i.e., the maximum theoretically achievable power con-
version efficiency (PCE). 7

The light soaking behavior of perovskite films is crucial for
long-term stability of devices. It is reported that within light-soaking,
the performance of perovskite solar cells (PSCs) improves. "
However, under long-time illumination, perovskite films may also
undergo at first reversible transformation”””' and then irreversible
degradation.”””’ These reversible transformations can be attributed
to the formation of light-activated trap states”’ or photo-induced
halide ion segregation.”' In this work, we focus on the reversible
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FIG. 1. (a) J-V curve of a PSC with the structure
FTO/compact TiO,/CH3NH;3Pbl;_Cly/Spiro-OMeTAD/Au.
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changes in perovskite films. With a temporally and spatially resolved
PL imaging method,” the presence of PL inactive areas on a
micrometer scale was detected during light soaking, which should
result from halide ion accumulation. By varying the laser intensity,
the PL decay dynamics were studied.

Planar PSCs based on CH3NH;3PblI;_<Cly were fabricated, with
the highest PCE of 15.4% [current density-voltage (J-V) curve
shown in Fig. 1(a)]. The device structure of these PSCs is shown in
Fig. S3 of the supplementary material. We characterized the time
dependent PCE of a solar cell device under continuous illumina-
tion (standard AM 1.5G illumination of 100 mW/cm?) in nitro-
gen atmosphere. It was scanned from positive voltage to negative,
noted as reverse scan. The PCE decreases to 12.6% within 500 s,
as shown in Fig. 1(b). For comparison, we measured the PCE of a
PSC without continuous illumination and the PCE showed a slight
decrease. Already after 30 s of continuous light soaking, the PCE
yielded a clear reduction for the herein used material system [illus-
trated in Fig. S5(a) of the supplementary material]. This suggests that
this PCE decay is ascribed to the constant illumination rather than
the electrical scanning. On the other hand, this light-induced PCE
decay can be recovered in dark, as demonstrated in Fig. S5(b) of the
supplementary material.

A thorough J-V characterization is presented in Fig. S4 of the
supplementary material. With different scan rates and scan direc-
tions, the performance of a PSC varies. This is the hysteresis behavior
discussed in many papers.” ** The relationship between the hys-
teresis and ion migration has been comprehensively reported.”*”*
Our PSC yields a distinct hysteresis behavior, which reveals that ion
migration exists in this perovskite material. With continuous illu-
mination, the hysteresis behavior of the PSC decreases (shown in
Fig. S4-2 of the supplementary material). The PCE in forward scan
increases (from negative voltage to positive) and in reverse scan
decreases. It indicates the halide ion redistribution in perovskite.

(b) The PCE decay of a planar PSC under continuous illumi-
nation (AM 1.5G) in nitrogen atmosphere with the scan rate
of 0.8 V/s. (c) Schematic diagram of a wide-field PL micro-
scope. (d) Wide-field PL image of a perovskite film using
an exposure time of 50 ms and an excitation intensity of
40 mWicm? at 532 nm wavelength.

The changes in short circuit current density (Js.), open cir-
cuit voltage (V), and fill factor (FF) under illumination are shown
in Fig. S3 of the supplementary material. There is an obvious
reduction of V., while Ji keeps nearly constant. For comparison,
as shown in Fig. S5(a) of the supplementary material, a distinct
Voc decays with 30 s of illumination. In most cases, one domi-
nant reason of the deterioration of a solar cell Vo is the poor
external luminescence efficiency.’” The lower external lumines-
cence reveals that some photons are wasted in nonradiative recom-
bination or parasitic optical absorption.'”” For a working PSC,
the decrease in external luminescence can result from the accu-
mulation of ions on the interface.”” Our measurements indicate
that besides the bias-driven ion effect, the illumination is another
factor of luminescence decay. Tracking the long-time PL behav-
ior with a wide-field PL microscope is a good way to locally study
the carrier recombination in perovskite films. Thus, we employed
this method to investigate the light-induced long-term decay effect.
The detailed description of this technique has been reported else-
where.”"” Briefly, a wide field PL microscope equipped with an
oil-immersion objective with a 100x magnification, a 532 nm laser
for excitation, and a fast charge-coupled device (CCD) camera was
employed to track the time dependent fluorescence as shown in
Fig. 1(c). Note that the perovskite films were covered with poly-
methyl methacrylate (PMMA) to be protected from ambient air.”
To illuminate a large area (diameter ~60 ym) of the film homo-
geneously, we additionally inserted a wide-field lens in the excita-
tion beam path. Rather than small areas characterized by classical
confocal microscopy,” this allows us to characterize the tempo-
ral and spatial evolutions of the PL intensity in a larger area with
time-resolution as short as 50 ms and a spatial resolution of about
300 nm. Figure 1(d) shows a PL image of a CH3;NH3PbI3_«Clx per-
ovskite film. It displays densely packed grains with a few pinholes,
which is consistent with the image taken by a scanning electron
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(d)

FIG. 2. [(a)-(d)] Temporal evolution of a PL image on the surface of perovskite
under light illumination of 40 mW/cm? at 532 nm wavelength. The scale bar is
10 um, and the integration time is 50 ms. The corresponding video is shown in
$10 of the supplementary material.

microscope (SEM) (Fig. S6-1 of the supplementary material).
Due to the limited resolution of optical microscopy, grains with
size smaller than 300 nm cannot be distinguished anymore. Cor-
related SEM and PL images at one spot are presented in Fig. S6-2
of the supplementary material and we can observe the PL emis-
sion from each crystal grain. Additionally, the morphology of this
perovskite film is similar to the perovskite film spin coated on
the TiO, layer (Fig. S6-3 of the supplementary material). Thus,

(a) (b)

ARTICLE
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it is acceptable to use this perovskite film in order to study the
light-soaking behavior.

Figure 2 shows a series of PL images of the perovskite surface
under continuous light illumination (532 nm, 40 mW/cm?). Beside
a PL intensity increase of the whole film, certain dark regions are
observed. The first PL dark region, which is in the left bottom part
of the image [see Fig. 2(b)], appeared within 10 s. This indicates that
charge carrier recombination in these areas transforms from radia-
tive to non-radiative. With longer illumination time, the number of
dark areas increases. The overall PL evolution is shown in the sup-
plementary material, S10 Video. This phenomenon is described as
the appearance of PL inactive areas or PL quenching in this work.
We analyze the temporal PL intensity of one PL inactive area and
find that the PL intensity yields an enhancement within the first 45 s
and then it decreases, as illustrated in Fig. 3(a). Except for the PL
inactive areas, the PL intensity of the other part increases, as shown
in Fig. 3(b). This PL increase of the perovskite film under illumi-
nation has been reported,”**” arising from traps filled,”” or defect
annihilation during light illumination. "

The phenomenon that the PL intensity of the perovskite film
decreases after a PL enhancement has been discussed recently.
Gottesman et al. observed that the PL of a CH;NH3Pbl; film grad-
ually decreased by ~40% under 1 h illumination.” Juan et al. found
a PL decrease following a PL enhancement of the bulk perovskite
film both in air and in nitrogen. "' The Vo of PSCs is related to the
PL intensity because the PL lowering indicates that the generation
of trap states reduces the quasi-Fermi-level for the electrons™ and
consequently leads to a decrease in the Vo™ In Fig. S3(c) of the
supplementary material, the Vo, of a PSC shows an obvious decrease
within the first 100 s and resembles the time when the PL dark areas
show up.

In order to elucidate the origin of this PL quenching phe-
nomenon, first, we need to assess whether it is caused by chemical
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degradation of perovskite. After laser illumination, the perovskite
film was kept in dark for several minutes and its PL image
was obtained in Fig. 3(c). We found that the PL inactive or PL
quenching areas in the film reverted to their PL active state,
i.e., showing radiative recombination again. This indicates that
this process is reversible, originating from ionic movement,”*”’
reversible structural transformation, " or surface charge trap-
ping/detrapping'""’ rather than an irreversible chemical degrada-
tion, e.g., long-term decomposition of perovskite'*”* or gas release
of CH3NH;T after long-term electrical biasing.”* Furthermore, it
seems not to originate from the reversible perovskite hydration pro-
cess. When perovskite hydrates form, the PL intensity at bound-
aries tends to increase as shown in Fig. S9 of the supplementary
material. The reason is that perovskite hydrates first form at the
grain interfaces and these hydrates will impede carrier transport
along different grains."””’ As a result, the recombination at the grain
interfaces is enhanced.” This is different from the results observed
in Fig. 2.

To investigate the mechanism of the PL quenching, the tempo-
ral evolution of the PL signal on individual grains under different
illumination intensities is studied. As shown in Fig. 3(a), the PL
intensity in the dark areas decays under continuous light soaking.
Taking into account three individual domains observed under dif-
ferent excitation intensities, we obtain that the long-term decay time
is 25 + 9 s for 43 mW/cm” and 13 + 6 s for 430 mW/cm?, follow-
ing single exponential functions. The PL intensity of these grains
decays faster under high illumination (430 mW/cm?) intensity than
under low intensity (43 mW/cm®), consistent with the observation
by Chen et al.”* The time scale of the PL decay is ~10 s, which is
in the same time scale of halide ion migration in the perovskite
film.”****" Meanwhile, our J-V measurements on PSCs yield hys-
teretic behavior, suggesting the possible halide ion (i.e., vacancy)
migration. We can therefore associate this PL quenching behavior
with the migration and accumulation of ions.

Several studies have proved the halide ion migration in
the organolead perovskite film. By combination of time-of-flight
secondary-ion-mass spectrometry (ToF-SIMS) and PL microscopy,
deQuilettes et al. detected the iodide element signal through a depth
profile at the illuminated region and showed the iodide redistri-
bution with the optical field.” In addition, the results of scanning
Kelvin probe microscopy (SKPM) demonstrated a surface poten-
tial shift of the perovskite layer under illumination,”” " which can
drive the mobile ions. The activation energy of the iodide migra-
tion in the perovskite polycrystalline thin film has been estimated
between ~0.1 eV and ~0.6 eV.”"">* Xing et al.”’ found the reduc-
tion of the activation energy of mobile ions under illumination. Very
recently, Li et al. pointed out the role of iodide vacancies as the main

Start illumination End illumination

1min
illumination

ARTICLE scitation.org/journal/apm

migrating species respective to iodide ions.”* Therefore, we reiter-
ate that the light-induced electrical field in the film can promote the
iodide ions/vacancies to migrate.

We propose that the origin of the PL inactive areas in Fig. 2
is the redistribution and localization of halide ions. Both Hoke
et al.” and Yoon et al.”" also successfully tracked the formation of I-
rich and Br-rich domains in MAPb(BrxI;_x)3 films, which is induced
from the halide ion movement under illumination. As reported,
halide ions in perovskites possess a relatively low activation energy,
compared to other ions.” Therefore, with light-soaking, halide ions
tend to migrate more readily in the perovskite film and localize at
grain boundaries or some defective grains. That may happen, when
halide ions are immobilized at grains with a high defect density
potentially allowing the formation of further interstitial defects that
render non-radiative recombination centers.””®" Another possibil-
ity is the segregation of halide ions at grain boundaries.” In these
segregated domains, the recombination changes from radiative to
non-radiative.

As briefly mentioned above, interstitial defects indeed may
play a significant role in quenched photoluminescence, creating
deep trap states and acting as non-radiative recombination cen-
ters.””" It is worth mentioning that calculations attribute, among
native point defects, only iodine interstitials to form deep car-
rier traps and non-radiative recombination centers, whereas all
vacancies, cation interstitials, and some antisite defects create only
shallow levels.””" The origin of point defects shall be found
in Frenkel defects, forming a vacancy and an interstitial, which
have been reported to be abundant in MAPI films.”* The much
higher diffusion constant of vacancies compared to interstitials
leaves behind interstitials as non-radiative recombination cen-
ters.””*"°° In a similar context, it has been reported that a bias
voltage is applied on a perovskite film with laterally configured
electrodes, facilitating an increasingly PL quenched region start-
ing from the positive electrode. This is a consequence of iodide
vacancies migrating towards the negative electrode,”””" changing
the effective electron-hole concentration’ and leaving a larger
number of interstitials behind acting as non-radiative quenching
sites.

We found that two main factors for the appearance of these
PL inactive areas are the optical intensity gradient of the light
source and the film quality. Another PL microscope with a white
light-emitting diode (LED) was used to observe this light-soaking
effect. In the center of the illuminated area, few PL dark areas were
detected. Most PL dark areas are present at the edge of the exposed
area (shown in Fig. 4). This is exactly correlated with the light source
beam profile as shown in Fig. S8(b) of the supplementary material
with a strong intensity gradient right at the edge of the illuminated

FIG. 4. Perovskite film was observed at the beginning (a)
and the end [(b) and (c)] of illumination. The light source is
a white LED with a short pass filter of 440 nm. Its beam pro-
file is displayed in Fig. S8(b) of the supplementary material.
The difference between (b) and (c) is that a different object
lens was used. Only the region in (b) was under illumination
and the other regions were in dark. The guideline means
that the region between the guidelines in (c) is the same
region in (b).
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area. It reveals that the horizontal optical intensity gradient is crucial
for driving mobile ions and ion-aggregated PL quenching behav-
ior. We also notice that an old film shows more PL inactive areas
than a fresh film. It is ascribed to the degradation of perovskite and
more defects or mobile ions in the old film. Thus, the film quality
and the presence of surface defects is an important factor. To check
this, we employed this experiment on a perovskite film with PCBM
molecules, which have been shown to passivate surface/grain bound-
ary defects.””** This passivated perovskite film exhibits little differ-
ence in PL images before and after illumination, even at high excita-
tion intensities and gradients [as displayed in Figs. S7(e)-S7(j) of the
supplementary material]. It needs to be noted that not only the passi-
vated defects in perovskite films but also the weakened light-induced
field by PCBM contributes to this phenomenon.

By combining the above analysis, the proposed mechanism
of PL quenching phenomenon is illustrated in Fig. 5. Before illu-
mination, the iodide ions are uniformly distributed in the per-
ovskite film, as shown in Fig. 5(a). Under illumination, the optical
field decreases with penetration depth and is laterally limited by

(a) surface

o Q =0 o, O o
go a2 Mobile iodide ions
he) =@
g B g g

(b) surface l l l

AR T 5| -

@92?6’3‘1

Normalized optical field
0 0.5

(C) Zoom-in

J

Localized iodide ions

FIG. 5. The schematic of light-induced PL inactive areas: (a) The perovskite film
without illumination. The iodide ions uniformly distribute through the film and have
limited mobility. (b) Under illumination, the iodide ions get more energy and higher
mobility. They can drift with the local optical field. (c) The mobile iodide ions can
drift within a certain distance. When the local region has more defects, the ions will
move there. The accumulation of iodide ions leads to non-radiative recombination.
The arrow in the figure is for the possible moving direction of iodide ions and the
magnitude of the arrow is for the mobility.
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its spot size, giving rise to gradients in the diffusion constants
of ion field both vertically and horizontally, which redistributes
iodide ions. During the migration process, regions with higher den-
sity of defects can result in the localization of ions.”"**”’ Different
effects can lead to non-radiative recombination: Charge accumu-
lation at surface and grain boundaries enhance Auger-type non-
radiative recombination, which is predominantly seen in nanopar-
ticles.” Todide interstitials, in particular, have been pointed out
to create deep level defects, resulting in non-radiative recombina-
tion centers.”’ Also, the change in the effective hole concentra-
tion towards more intrinsic may reduce the PL quantum yield.”*
Given the fact that the herein observed effects are rather inho-
mogeneously distributed and become stronger with lower quality
of films, the assumption is that the creation of defect sites (i.e.,
interstitials) is caused by the local sample inhomogeneities and the
accumulation of iodide ions at defective grains as illustrated in
Fig. 5(c). The migration pathway can be through the iodine inter-
stitial sites.”’ When the illumination intensity increases, the activa-
tion energy of halide ions decreases,”””’* leading to a faster migra-
tion and hence an enhanced possible trapping and accumulation of
ions at defect sites resulting in a faster PL decay of these regions.
This explains the observation in Fig. 4(c) that more PL inactive
areas appear at the edge beyond the illuminated area, where the
iodide ions are driven out. Once they reach the non-illuminated
area, their mobility will decrease and they will be almost immo-
bile there, thus leading to a certain localization of redistributed
iodide ions. We speculate that this additionally increases the chance
for the formation of interstitial defects taking into account their
low formation energy,”””” rendering non-radiative recombination
centers.

The appearance of dark PL-inactive areas in perovskite films
under illumination reveals that the migration and accumulation of
halide ions has a negative effect on the stable output of perovskite
photovoltaics. Thus, suppressing the halide ion migration in the per-
ovskite films is one of the key issues to further improve the perfor-
mance and stability of photovoltaic devices. Controlling the crystal
quality and size can be an effective way,” as most of the mobile
ions originate from defects at the grain boundaries/surface.””"”
Another choice is passivating the defects with external particles, such
as PCBM" or K*."' Meanwhile, the intensity distribution of the light
source should be an issue for the stable output of PSCs.

In summary, wide-field PL microscopy is demonstrated as a
simple and versatile method in characterizing the quality and sta-
bility of perovskite films. We employed wide-field PL microscopy to
in situ investigate the PL changes of a perovskite film with light soak-
ing on time scales of seconds. Besides the PL enhancement, some
areas in the film yield a PL quenching. This PL quenching behav-
ior plays an important role in PSCs because non-radiative recom-
bination prevents PCEs from approaching the Shockley-Queisser
efficiency limit. By characterizing the intensity dependent PL long-
time decay process, we observe that the migration and localiza-
tion of iodide ions in the perovskite film within an optical field
gradient contribute to this non-radiative recombination. It is the
first time to visually observe the accumulation of iodide ions dur-
ing light soaking inducing non-radiative recombination. This either
occurs at defective sites that are prone to accumulate and trap ions
or at the gradient between the illuminated and non-illuminated
areas.

APL Mater. 7, 041114 (2019); doi: 10.1063/1.5086125
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See supplementary material for the sample preparation
method, characterization details, the change in Vi, J«, and FF with
light soaking, the observation of CH;NH3PblI3_«Cl film with AFM,
SEM, and PL microscopy, and the beam profile of light source.
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S1: Sample Preparation

The solar cell with the structure shown in Figure S3, was fabricated as follows. A compact TiO2
layer was deposited on fluorine-doped tin oxide (F:SnO:) coated glass by spraying a solution
of titanium diisopropoxide bis(acetylacetonate) (0.6 mL) in ethanol (21.4 mL) at 450 °C for 90
min in ambient atmosphere. Then the perovskite precursor solution (CH3NH3I:PbCl>=3:1 in
DMF) was spin coated at 3000 rpm for 60s, followed by annealing at 100 °C for 70 min in a
nitrogen  glovebox.  Subsequently,  Spiro-OMeTAD  (2,2',7,7'-Tetrakis-(N,N-di-4-
methoxyphenylamine)-9,9'-spirobifluorene) solution was deposited by spin-coating at 4000
rpm for 30s, working as the hole transport layer. The devices were kept in a dry box overnight
for the oxidation of Spiro-OMeTAD layer. Finally, an 80 nm gold electrode was deposited in a
thermal evaporator chamber (Edwards Auto 306) at a pressure of 1x107® mbar. The effective
electrode area was 9 mm? or 16 mm?. CH3NH:sI was purchased from Dyesol Company, and all
the other chemicals were purchased from Sigma-Aldrich and used as received.

S2: Characterization Setup

J-V measurements were performed in inert environment with a Keithley 2400 source measure
unit under 100 mW/cm? illumination from a solar simulator. The light intensity was calibrated
by a Silicon detector. There was no biasing process prior to the scanning. We scanned the PSC
from 1.2 V to -0.1 V (reverse scan) or from -0.1V to 1.2V (forward scan) with different speed.
The step was 0.01 V.

For the PL imaging measurements, perovskite films were fabricated by spin coating the
precursor solution on a clean glass substrate followed by annealing at 100 °C in nitrogen
glovebox for 70 min, then 40 mg/mL PMMA dissolved in butyl acetate (anhydrous, 99%) was
spin-coated on the perovskite film at 2000 rpm for 60 s acting as a protect layer. To obtain a
uniform film, the glass substrate was under ozone plasma for 10 min before spin coating.

The schematic diagram of PL microscope configuration is shown in Figure 1(c). The
excitation source was a pulsed diode laser (LDH-P-C-4508-B, Picoquant; 20MHz repetition
rate, 70 ps pulse duration). The excitation power can be modulated by Neutral Density Filters.
The dichroic mirror was tilted at 45° to the incoming excitation light (wavelength: 532 nm)
and reflected the excitation light at a 90° angle directly through objective lens and onto the
sample. A wide-field lens was inserted between the filter for the excitation light and the
dichroic mirror. The beam profile is displayed in Figure S7(a). In order to adjust the sample
in the focal plane of the objective lens, the sample position was placed by a piezo-stage
(Tritor 102 SG, piezosystem Jena GmbH, Jena, Germany). The PL emission of the perovskite
film was collected by the same objective lens, and then it passed a long-pass filter (LP545,
AHF analysentechnik AG, Tiibingen, Germany), and finally was captured by a CCD camera
(Orca-ER, Hamamatsu, Japan).

The PL images in Figure 4 and S6 were taken by a PL microscope (Microscope Axio

Imager.A2m, Zeiss) employing a white light LED in combination with a dichroic mirror and a
PL filter (HC 440 SP, AHF analysentechnik AG) in the excitation beam path and another filter
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(HC-BS 484, AHF analysentechnik AG) for the emitted PL signal from the sample. This
allowed an exciton with blue light up to 440nm and a detection from 490nm and above. The
beam profile is displayed in Figure S7b. A CCD camera (Pco. Pixel fly, PCO AG) was employed
to record PL images with the exposure time of 200 ms.

S3: PSC architecture and its Jsc, Voc and FF change with light soaking
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Figure S3: (a) The schematic diagram for the architecture of a planar perovskite solar cell. The time-
dependent performance of a perovskite solar cell under continuous illumination (100 mW*cm™2): (b) Js; (c)

Vog; (d) FF.
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S4: J-V measurements under different condition
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Figure S4-1: J-V curve measurements of one PSC with different scan rates and scan directions.
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Figure S4-2: J-V curve measurements of one PSC under illumination. The difference of the reverse- and
forward- scan decreases within illumination. Scan speed: 800 mV/s.
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S5: The PCE Change under Different Conditions
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Figure S5: (a) The efficiency change and V,. change of a device, which was kept sequentially in dark for
280s, under illumination (100 mW*cm?) for 30s and in dark for 300s. The experiment condition of dark
means that light is only on during the J-V curve measurement and light is off after each J-V curve
measurement. (b) The efficiency decay of a perovskite solar cell under continuous illumination. The second
measurement was conducted after the recovery of the device in dark. Between two measurements the device
was kept in N, glove box.

S6: The Morphology of Perovskite Film

(a)

354.0nm

-371.7 nm

0 10 um

Figure S6-1: Morphology of MAPbI;.<Cly perovskite film on glass (a) SEM image and (b) AFM image.
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Figure S6-2: (a) SEM image and (b) PL image of the perovskite film at the same spot. The stripe is
intentionally made in order to correlate these two images.

Direct on Glass On compacted TiO,

(a) (d)

Figure S6-3: SEM images of perovskite film direct on glass (a), (b) and on compacted TiO, layer (d),(e). PL
images of perovskite film direct on glass (c¢) and on compacted TiO> layer (f). The grain size and the emission
do not show a significant difference. It needs to be mentioned that there tend to be more pin holes in the
perovskite film processed on a compacted TiO, layer.
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S7: PL Images of Perovskite Film with/without PCBM Passivation

(a) u (e)

PMMA
Perovskite
Glass

1 min
illumination

End illumination

(d)

End illumination

Figure S7: (a-d) Perovskite films without and (e-j) with a PCBM layer under a PL microscope with different
times of illumination and different magnification. (b) and (f) show the PL at the beginning of illumination;
(c) and (i) after 1min of illumination. (d) and (j) are PL images of perovskite film after 1min illumination
(450 mW/cm?) but with a lower magnification exposing the illuminated spot as marked. It is apparent that
the edge of the illuminated area, shows a strong PL decay in (d), while in (j) there is no distinct boundary
between the exposed area and the unexposed area. The scale bar in every figure is 20 um. Figure (b) to (d)
have already been shown in the main manuscript. We display these here again to make a clear comparison
with PCBM passivated system.
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S8: Light Source Beam Profile

(a) (b)

[lumation intensity (normalized)

[llumination intensity (Normalized)

20 20 o 20 40 20 20 0 20 40
Position (um) Position (um)

Figure S8: The beam profile of the two light sources used in this study: (a) Green laser source, yielding a
Gaussian distribution; within the center of 20 um-radius circle, the intensity decays by around 40%. (b) White
LED with a variance of <10% within a radius of 20pm. “0” in x-axis stands for the center of the beam.

S9: PL Images of Perovskite Film with/without hydration

Before hydration After hydration

Figure S9: Perovskite films (a) before and (b) after 20min hydration. It is visible that some area becomes
dark and the boundary of large domains (~2 um) becomes brighter. This phenomenon is different from the
light soaking behavior observed in Figure 2 and Figure 4.

S10: Video of Long-Time PL Quenching of Perovskite Film

The video displays PL changes of a perovskite film under continuous illumination (532 nm
40mW/cm?) that some areas yield PL quenching besides the overall PL intensity enhancement.
The local PL images were recorded every 500 ms.
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FULL PAPER

Role of PCBM in the Suppression of Hysteresis

in Perovskite Solar Cells

Yu Zhong, Martin Hufnagel, Mukundan Thelakkat, Cheng Li,* and Sven Huettner*

The power conversion efficiency of inorganic—organic hybrid lead halide
perovskite solar cells (PSCs) is approaching that of those made from single
crystalline silicon; however, they still experience problems such as hysteresis
and photo/electrical-field-induced degradation. Evidences consistently show
that ionic migration is critical for these detrimental behaviors, but direct in-situ
studies are still lacking to elucidate the respective kinetics. Three different PSCs
incorporating phenyl-C61-butyric acid methyl ester (PCBM) and a polymerized
form (PPCBM) is fabricated to clarify the function of fullerenes towards ionic
migration in perovskites: 1) single perovskite layer, 2) perovskite/PCBM bilayer,
3) perovskite/PPCBM bilayer, where the fullerene molecules are covalently
linked to a polymer backbone impeding fullerene inter-diffusion. By employing
wide-field photoluminescence imaging microscopy, the migration of iodine
ions/vacancies under an external electrical field is studied. The polymerized
PPCBM layer barely suppresses ionic migration, whereas PCBM readily does.
Temperature-dependent chronoamperometric measurements demonstrate the
reduction of activation energy with the aid of PCBM and X-ray photoemission
spectroscopy (XPS) measurements show that PCBM molecules are viable to
diffuse into the perovskite layer and passivate iodine related defects. This pas-
sivation significantly reduces iodine ions/vacancies, leading to a reduction of

built-in field modulation and interfacial barriers.

1. Introduction

Driven by the demand for low cost and high-efficiency renew-
able energy sources, organometal trihalide perovskite (e.g.,
CH;NH;PbI; and CH;3;NH;Snls), first emerged as solar cells

Y. Zhong, Dr. C. Li, Dr. S. Huettner
Department of Chemistry

University of Bayreuth

Universitatstr. 30, Bayreuth 95440, Germany
E-mail: sven.huettner@uni-bayreuth.de

Dr. M. Hufnagel, Prof. M. Thelakkat

Applied Functional Polymers

University of Bayreuth

Universitétstr. 30, Bayreuth 95440, Germany
Prof. C. Li

School of Electronic Science and Engineering
Xiamen University

Xiamen 361005, China

E-mail: chengli@xmu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.201908920.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

DOI: 10.1002/adfm.201908920

Adv. Funct. Mater. 2020, 1908920 1908920 (1 of 9)

86

at 2009,/ has attracted an unprecedented
attention. Since then, extensive research
has been carried out, ranging from
crystalline  structure characterization,?
device performance optimization** to sta-
bility investigations,”! etc. Though the sur-
prising and remarkable progress has been
achieved, perovskite solar cells (PSCs)
are still suffering from several problems
impeding a quick commercialization.
Among those are the current density—
voltage (J-V) hysteresis,[®’] (the discrep-
ancy of J-V curve between two sweeping
directions)® or photo/electrical-induced
degradation and stability,”) for example.
Recent evidences consistently demon-
strate that ionic migration is responsible
for these unsolicited behaviors.'%1* The
complexity of the investigation arises
from the strong coupling between ionic
migration and free charge carrier trans-
port under external photo/electrical fields.
Therefore, direct in situ characterization
of the ionic movement via electrical and
optical methods is becoming an emergent
subject and will be used in this work.

It is widely observed that the involvement of phenyl-C61-bu-
tyric acid methyl ester (PCBM) molecules, either by mixing within
the bulk,>9 or inserting a single layer into devices,'”18 is able
to significantly alleviate or eliminate hysteresis. Wojciechowski
et al." ascribed the reduced hysteresis to the enhanced elec-
tron transfer at the TiO,/perovskite interface by a self-assembled
monolayer of fullerenes. Xing et al.?% observed the reduction of
perovskite/TiO, interfacial barrier by inserting a PCBM layer.
Shao et al.l'”] attribute the elimination of hysteresis to the pas-
sivation of charge trap states in the bulk of perovskite film during
the thermal annealing process. Xu et al.'®! found that the ion
migration is significantly suppressed when PCBM are absorbed
on Pb-I antisite defects. In this paper we will investigate the
role of PCBM in detail. We utilize PCBM molecules as well as a
polymerized form of PCBM molecules to corroborate their func-
tion, that is, investigate the influence of incorporation or interdif-
fusion, their function as an interlayer or a passivating agent. We
intentionally used the typical organo-lead halide perovskite mate-
rial (CH3NH;Pbl;,Cl) with significant hysteresis. Very recent
developments in perovskite solar cells often involve materials
such as FAI! or 2D-perovskitel?”l materials, where the hyster-
esis phenomena is not so obvious, which makes it more difficult
to study the crucial role of PCBM on hysteresis suppression.

Wide-field photoluminescence (PL) imaging microscopy is
employed to in situ study the motion of ions under an external

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a—c) J-V curve characterization of different PSCs. a) Reference device, that is, FTO/compact TiO,/perovskite/Spiro-OMeTAD/Au. b) Solar
cells with a PCBM molecule layer, that is, FTO/compact TiO,/PCBM/perovskite/Spiro-OMeTAD/Au. c) Solar cells with a PPCBM layer, that is, FTO/
compact TiO,/PPCBM /perovskite/Spiro-OMeTAD/Au. d) Energy diagram of the perovskite device. Insets in (b) and (c) are the chemical structure of
PCBM molecule and PPCBM, respectively. The scanning speed is 0.8 V s7'.

electrical field in three individual systems: 1) single perovskite
film 2) perovskite film deposited on top of a PCBM layer, called
perovskite/PCBM bilayer 3) perovskite/PCBM-grafted polymer
(PPCBM) bilayer. With this set of device structures we are able to
identify the function of the PCBM layer and especially address its
incorporation or interdiffusion and grain boundary passivation.
Furthermore, we carry out the stepwise temperature dependent
chronoamperometric measurements to obtain the activation
energy of ion migration in PSCs, with and without PCBM layer
respectively. X-ray photoemission spectroscopy (XPS) depth pro-
filing indicates the incorporation or diffusion of PCBM molecules
into the perovskite film, resulting in reduced ionic migration
within perovskite layer. Therefore, PCBM can play an important
role in the suppression of hysteresis by reducing ionic migration.

2. Results and Discussion

Figure 1a displays the J-V curve of a reference PSC using a
mixed halide perovskite precursor (CH;NH;3I:PbCl, = 3:1). Note
that in the reverse sweeping, from positive to negative voltage,
as shown in Table 1, the efficiency is =15.5%, however, in the
forward sweeping, from negative to positive voltage, the effi-
ciency drops to 6.2%. When a PCBM layer is inserted between
the perovskite and the TiO, electron transport layer (ETL), as

Adv. Funct. Mater. 2020, 1908920 1908920 (2 of 9)

shown in Figurelb, the power conversion efficiency (1) of solar
cells is comparable with the reference device in reverse scan
direction. In forward scan direction, the PCBM-inserted devices
yield a better performance, that is, fill factor (FF) and open-
circuit voltage (V,), in comparison with that of the reference
device. The photovoltaic parameters from a series of solar cells
with and without PCBM are shown in Figure S1, Supporting
Information. To quantitatively compare the hysteresis between
the different solar cell structures, we utilize the so-called hyster-
esis index (HI). The HI is defined as?*?4

i

2

A solar cell without hysteresis yields an HI of 0, while a HI
of 1 corresponds to a hysteresis as high as the magnitude of the
photocurrent. The HIs are derived from the results in Figure 1
and listed in Table 1. The data imply that the hysteresis of
PCBM:-incorporated devices significantly decreases compared
with reference one.

To further study the role of the PCBM layer, we replace the
PCBM layer with a polymerized PPCBM layer. The synthesis
of this PPCBM is describe elsewhere.? This PPCBM has a

Voo

I (S
HI=

2

1)
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Table 1. Summary of device performance in Figure 1.
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Device type Scan direction Vo V] Jse [MA cm™? FF [%] n[%] Hysteresis Index

Reference Forward 0.82 18.8 40.3 6.2 0.20
Reverse 1.10 19.0 73.4 15.5

PCBM layer Forward 1.1 19.4 55.1 11.8 0.03
Reverse 1.14 19.3 71.4 15.7

PPCBM Forward 1.10 19.1 35.1 7.4 0.19
Reverse 1.1 19.0 48.7 10.4

molecular weight of M,, = 17.2 kg mol™! and poly-dispersity of
D = 1.27 (measured with size-exclusion chromatography with
chlorobenzene as eluent and polystyrene calibration). Interest-
ingly, the HI becomes large again with the utilization of this
PPCBM. The HI approaches the value of the reference solar cell.
In this PPCBM shown in inset of Figure 1c, PCBM molecules
are bound to a polymer backbone and therefore immobilized
within the polymer layer. This result implies that the diffusion
of PCBM molecules into the perovskite layer is crucial to the
elimination of hysteresis in PSCs, consistent with the require-
ment of thermal annealing to passivate the defects and decrease
the trap density in the perovskite layer.??l Here, we note that,
the relatively poorer performance of the device with PPCBM is
probably caused by its relatively lower electron mobility,?! hin-
dering the effective electron extraction by TiO,/FTO layer.
Though various models for the J-V curve hysteresis have been
proposed, including ferroelectricity,?”) charge trapping/detrap-
ping,?®l modulated Schottky barriers!?’] etc., it is supported by
many evidences that a combination of ion migration**3! and
polarization at interfaces>>?* serves as an essential factor in the
hysteretic behavior in PSCs. To study the ionic migration pro-
cess, perovskite films with laterally-configured electrodes have
demonstrated to be an excellent platform.?**! In addition, PL
is an indication of the charge carrier recombination pathway*®!
which has been employed to study the detailed charge carrier
dynamic processes within the perovskite film.’738 Here, we
investigate the dynamics of ion/vacancy migration with lateral
interdigitating electrodes (Figure S3, Supporting Information)
under an electrical field characterized by temporal-resolved PL
imaging microscopy (Figure S4, Supporting Information), while
the corresponding current is measured. The films were excited
with blue light and their PL response > 700 nm was imaged.
A detailed description of the setup has been reported previ-
ously.’4% In brief, we modified a commercial PL microscope
and used a blue light excitation filter, dichroic mirror, and a fast
charge-coupled device (CCD) camera to capture the PL response
in wide field with high time resolution. PL images of the perov-
skite films were recorded while a fixed external electric field was
applied laterally and its time-dependent current was measured.
Figure S5, Supporting Information depicts the temporal PL
evolution of a perovskite film under a constant electrical field. It
is observed that the overall PL intensity decreases after the injec-
tion of electrons. The reason is the formation of the quenching
defect when electrons are injected.*!l It has been observed that
the defects, for example, Frenkel defects with iodine vacancies
and interstitials,*? formed during the low-temperature fabrica-
tion method,*3) can be driven by the external electrical field.l'>42

Adv. Funct. Mater. 2020, 1908920 1908920 (3 of 9)

Our previous study showed that migrating iodine vacancies play
a major role and migrate within the applied electric field. On
their way towards the cathode, they partially compensate for
interstitial defects but also leave behind a significant number
of non-radiative recombination centers as their counterpart in
Frenkel defects.3) The migration of vacancies goes ahead with
a decrease of the electron-hole concentration corresponding to
an effective reduction p-doping density. This phenomenon is
shown in Figure S5a—d, Supporting Information. A PL dark
area expands from the positive side to negative side. As evidence
of the reduction of electron-hole density (less p-type doping),
the measured current decays, as displayed in Figure S5e, Sup-
porting Information. Applying a dynamic model for the cur-
rent within the device leads to the ionic mobility in perovskite
reference samples (2 = 1) x 107 cm? V's71.3% The model
used to determine the mobility is demonstrated in Section S6,
Supporting Information.

Results were obtained for all three device structures, as illus-
trated in Figure 2. The ionic mobility of perovskite/PPCBM
is (1+ 1) x 107 cm? V7! 571, which is in similar range as the
perovskite reference sample. The mobility of perovskite/PCBM
system, however, is only (4 + 2) x 10® cm? V! 57! almost one
order of magnitude lower than that of the two other structures
as illustrated in Figure 2. This shows that the ionic migration
in perovskite films deposited on a PCBM layer is significantly
reduced compared to the pure perovskite film and the perovskite
film on PPCBM. As we have mentioned above, the hysteresis is

1E-6 ¢
= 2T .TA
2 *
< 1ETE i :
S i 'ol — .
2 [ .
(o]
=
1E-8 |} L

Reference PPCBM PCBM

Figure 2. The ionic mobility in perovskite film. The results are derived
from time-dependent current, as illustrated in Figure S5, Supporting
Information.
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Figure 3. XPS spectra of Cls peak on a) PCBM, b) perovskite, and c) perovskite/PCBM mixed sample. d) perovskite/PCBM bilayer sample for depth
profile and e) its depth profile results after sputtering of gas cluster ion beam, where peaks A and B correspond to Cls from perovskite and PCBM

respectively.

strongly related to the ionic migration in PSCs. Tons accumu-
late at the contacts on either side, with the ETL or hole transport
layer (HTL), which will influence the built-in potential. Further-
more, a propetly aligned built-in potential is favorable for charge
injection and is also related to the maximum achievable V,.

We find that PCBM which can freely interact or interdif-
fuse within a perovskite film decreases the ionic migration,
and hence reduces the hysteresis in PCBM. In comparison, the
glass transition temperature T, = 144 °C of this PPCBM is above
the processing temperature of the perovskite, the PPCBM layer
does not allow any strong interdiffusion within the perovskite
film.?>] Thus, the PCBM groups solely locate at the interface.
The PSCs using a PPCBM layer between TiO, and perovskite
still suffer severe hysteresis. This gives rise to the assumption
that PCBM molecules indeed diffuse into perovskite films facil-
itating a passivating effect towards ionic migration. In order
to corroborate our results, we analyzed the depth profile of a
perovskite/PCBM bilayer sample with XPS in detail.

Figure 3a and b show the Cls spectra of a pure PCBM
film and a pure perovskite film. PCBM shows a main peak at
285.3 eV, which originates from the C—C bond of the fullerene
moiety.** The typical Cls signal of a perovskite film is the
C—N feature of CH;NH;" (286.7 eV).l*6#7] Furthermore, a third
sample was processed, which was prepared by directly mixing
the perovskite precursor solution with PCBM in a molar ratio
of Pb:PCBM = 500:1 and annealing. It is noted that the mor-
phology of this intermixed film is sufficiently good to carry out
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our XPS analysis, but it does not allow the fabrication of proper
solar cell devices. The Cls spectrum of this mixed perovskite/
PCBM film (displayed in Figure 3c) is composed of two distinct
peaks, which are ascribed to the C—N bond from perovskite
and the C—C bond from PCBM. It indicates that the contribu-
tion of CH3;NH;3PbI;3,Cl, and PCBM can be easily separated by
analyzing the Cls peak. With this information we performed
a depth profile of a perovskite/PCBM bilayer sample. A gas
cluster ion beam (GCIB) was used to sputter into the organic
film and to obtain a depth profile of the perovskite/PCBM
bilayer sample, displayed in Figure 3d. The Cls spectrum
obtained after every cycle (0.5 min per cycle) of GCIB sput-
tering is shown in Figure 3e. The sputter rate is =17 nm min™
and after 18min-GCIB sputtering, the substrate surface was
reached. It is obvious that through the perovskite layer two
Cls peaks were detected. Peak A, at higher binding energy,
which is ascribed to CH;3;NH;* from the perovskite, locates
between 286.7 and 287.0 eV. This peak shifts to a lower posi-
tion when it reaches the interface. This thickness-dependent
shift has been reported.l*®! The appearance of additional peaks
formed by sputtering and beam damage have been excluded as
shown in Figure S7, Supporting Information. Peak B, at around
285.3 eV, was also detected during the beginning cycles. Based
on the results above, Peak B is attributed to the C—C bond
stemming from PCBM, and shows their prevalence within
the perovskite layer. The detected PCBM may partially come
from the dissolved PCBM in dimethylformamide during spin
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Figure 4. a) Temperature dependent chronoamperometric curve of reference device (blue) and PCBM (green) device, from 1.2 to 0.6 V with step of
0.2 V, each voltage lasts 40 s. The top part shows the applied voltage. b)Time dependent current density and fitting single exponential line at 0.8 V,
300 K. c) Activation energy of iodide ions in pure perovskite (reference) and perovskite on PCBM layer devices (PCBM device), respectively.

coating, as we make a detailed discussion in Figure S12, Sup-
porting Information. Furthermore, PCBM molecules can also
diffuse into perovskite film during film annealing. The evidence
of fullerene diffusion through (amorphous/crosslinked*¥! and
crystalline*)) polymer films has been demonstrated and was
also suggested for perovskite films.['”] Our XPS results corrobo-
rate that PCBM molecules can readily diffuse into a =300 nm
perovskite film at 105 °C within 75 min. This incorporation or
interdiffusion into grain boundaries of the PCBM molecules
seems to significantly reduce and hinder ionic migration.>

A further parameter which directly describes the viability
for ion migration is the related activation energy. In a working
perovskite solar cell, ions can migrate under an applied bias
due to the prevalence of defects and may involve MA ions/
vacanciesP®? or iodine ions/vacancies.”>** Among them,
the dominant moving species are iodine ions/vacancies.?!
The movement of these defects is in the form of hopping, also
described as “jumping” in early days, between neighboring
sites within the bulk with a rate T that can be expressed in an
Arrhenius relation:®l

—LEA

E
T < ex
p(k T)

B

)

in which Ej, is the activation energy, the energy required to
move the defects from the equilibrium states to the neighbor
sites in the bulk of perovskite. kg and T are Boltzmann constant
and absolute temperature, respectively.

Furthermore, we analyzed the activation barrier of ion
migration of a pure perovskite film and another processed on
a PCBM layer. This was done by applying voltage steps (0.2 V)
to the device from 1.2 to 0.6 V and measuring the current evo-
lution versus time, as shown in Figure 4a. The using voltage
steps last 40s. The electrical current exhibits a decay-function
at each voltage step. A single exponential function ¢ was
used to evaluate the time constants as shown in Figure 4b. An

Adv. Funct. Mater. 2020, 1908920 1908920 (5 of 9)

90

Arrhenius plot shows a linear relationship between In(7) and
1/T and suggests that the movement of ions is facilitated by a
single hopping mechanism.% The constant of 7 related with
the “jumping rate” of ions I is used to describe the ionic migra-
tion within the bulk of the perovskite film.”]

As shown in Figure 4c, it indicates that ions are moving faster
in the perovskite film than the one on PCBM layer in all tem-
peratures, consistent with the pervious PL microscopy observa-
tion. In the meantime, we note that the activation energy E, of
the pure perovskite is 0.13 + 0.03 eV. This value agrees with a
previous experiment and theoretical papers, =0.2 eV.2%°158]
In direct comparison the meassured activation energy with a
PCBM layer is 0.24 + 0.04 eV, implying a higher energy required
to drive these ions from equilibrium sites to the nearby sites in
perovskite with the presence of PCBM molecules.

Taking account of the above experiments, the mechanism of
suppression of hysteresis in PSCs incorporating with PCBM
molecules becomes clearer. As proposed previously that the
origin of the hysteresis in PSCs is due to the migration of
iodine ions/vacancies. These ions are driven by the external
field and accumulate at the interface between perovskite/ETL
and HTL. This accumulation effectively enhances or decreases
the built-in potential®® While, in PSCs incorporating with
PCBM layer, PCBM molecules distribute within the bulk of
perovskite film. Absorbed at perovskite defective sites along the
grain boundaries, these PCBM molecules passivate these defect
states, for example, iodine interstitials or iodide vacancies as
we propose, decreasing or even halting ion migration within
the perovskite film. It is possible that iodide ions from defects
form strong bonding with PCBM molecules, by direct elec-
tron transfer from anions (iodide ions here).™” In this respect,
the iodide ions/defects are immobilized by tying up with the
PCBM molecules in the bulk of perovskite. Alternatively, PCBM
molecules only form a physical hindrance for the ion migra-
tion or occupy some vacancy space, as displayed in Figure 5c.
As a consequence, the moving defect density in perovskite

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic diagram for the PCBM passivating iodide ion related defects in perovskite materials, particularly in the vicinity of grain boundary.
a) Schematic of a perovskite film deposited on PCBM layer. b) Zoom in image of the rectangle area in (a), showing PCBM molecules penetrate into the
grain boundary of perovskite layer. c) Zoomed-in image of circle area in (b), showing that PCBM molecules form hindrance of the iodide ions movement.

reduces and the hysteresis is significantly suppressed due to
the reduction of ionic migration.

For the PPCBM inserted device, the joint fullerene mole-
cules are difficult to diffuse through the perovskite bulk
material. Thus, the suppression of hysteresis is not distinct in
these devices. However, V. of these devices in forward scan
and reverse scan yields no pronounced difference. The reason
is that the mismatch of TiO,/perovskite interface is weakened
by the PPCBM layer.[¥) The interfacial barrier is hard to form
at this contact and thus the change of the built-in potential is
tiny. The ionic migration still exists in this perovskite/PPCBM
bilayer system and so we observed a clear S-shape curve in
forward scan direction.

It is necessary to note that apart from iodide ions, methylam-
monium (MAT) ions may play a role in the hysteresis and deg-
radation of perovskites.”>%!l The interaction between PCBM and
MA* as well as characterization of MA* migration, however, are
still not clearly elucidated. In addition, more and more evidences
offer to present the critical role of grain boundary in the ion
migration. However, due to resolution limitation of PL imaging
microscopy, which is in =um scale, it is difficult to directly
explore the ion motion in the vicinity of grain boundary in our
perovskite films (with grain size =100 nm). In the following
experiment, by investigating perovskite films with various sizes,
it is possible to reveal the influence of grain boundary or even
directly visualize the migration of ions in the grain boundary.

Adv. Funct. Mater. 2020, 1908920 1908920 (6 of 9)

Our study also provides prospects for addressing the hyster-
esis problem in perovskite light-emitting diodes (LEDs), which
is also much of concern.’”l Reducing defect/ion accumula-
tion at perovskite/external contacts can increase the device
stability as it has been demonstrated with the help of 2D or
low-dimensional layered perovskites.[l PCBM, however, may
have to be used with care in LED devices as PCBM can greatly
quench the emission of LEDs. Immobile (i.e., polymerized)
derivatives, instead may become of great interest as PSC/ETL
interlayers.

3. Conclusion

In summary, the comparison of PSCs using PCBM and PPCBM
layer reveals that diffusion of PCBM molecules into grain
boundaries of a polycrystalline perovskite film takes place and
plays a significant role in the suppression of hysteresis in J-V
curve. By employing PL imaging microscopy, we directly in situ
visualize and parameterize the ionic migration under external
electrical fields. The ionic mobility is reduced by one order of
magnitude, and temperature dependent chronoamperometric
measurements show that the activation energy increases with
the presence of PCBM molecules. Accounting for these results,
we close with a proposed mechanism in the suppression of hys-
teresis in PSCs with PCBM layer. PCBM molecules immobilize

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the iodine ions or vacancies in the bulk of the perovskite layer,
reducing the impact of modulation of internal field/interfacial
barriers under the external electrical field. This finding will
pave paths to the improvement on the device stability and better
performance. We reiterate that especially grain boundaries are
responsible for an effective ion/vacancy migration which can be
impeded through efficient passivation.

4. Experimental Section

Sample Preparation: CH3NH;l (MAI) was purchased from Dyesol
company, Spiro-OMeTAD was purchased from Merck company, all
the other chemicals were purchased from Sigma-Aldrich and were
used as received without further purification. For CH3;NH;Pbl;_Cl,
precursor solution, CH;NH;l, and PbCl, were dissolved in anhydrous
Dimethylformamide at 3:1 molar ratio. Preparation of Spiro-OMeTAD
solution: 72.3 mg Spiro-OMeTAD was dissolved in T mL chlorobezene
with an additive of 43.2 uL 4-tert-butylpyridine. After that, 26.3 pL lithium
bis (trifluoromethane)sulfonimide solution (520 mg mL™" in acetonitrile)
was added.

Fluorine-doped tin oxide (F:SnO,) coated glass was patterned by Zn
power and HCl solution. FTO glasses were washed successively with
acetone, 2% hellmanex diluted in deionized water, deionized water, and
isopropanol for 10 min each. A compact TiO, layer was deposited by
spraying a solution of titanium diisopropoxide bis(acetylacetonate)
(0.6 mL) in ethanol (21.4 mL) at 450 °C for 90 min in ambient
atmosphere. The PCBM and PPCBM layer thicknesses were optimized
for best electronic performance. For PCBM a 10 mg mL™" solution in
chlorobenzene was spin-coated at 3000 rpm for 30 s. After 10 min
annealing at 100 °C, CH3NH;Pbl;_Cl, perovskite solution was spin-
coated on the PCBM layer at 3000 rpm for 60 s. For the devices using
PPCBM, 5 mg mL™ PPCBM in 1,2-dichlorobenzene was spin-coated
at 2000 rpm for 30s. Following that, the CH3NH;Pbl;_,Cl, perovskite
solution was spin-coated on this PCBM layer at 3000 rpm for 60s.
After drying in a nitrogen glovebox for 30 min, the as-spun films were
annealed at 105 °C for Th15min on a hotplate. Subsequently, the hole
transport layer (Spiro-OMeTAD solution) was deposited by spin-coating
at 4000 rpm for 30 s. The device fabrication steps above were carried
out in a nitrogen filled glovebox. After this, devices were transported to
a dry box and stored there overnight enabling Spiro-OMeTAD oxidation.
Finally, a 70 nm Au electrode was deposited by thermal evaporation
in a chamber with a pressure of 1 x 10® mbar. The structure of the
fabricated solar cell is FTO/TiO,/perovskite/Spiro-OMeTAD/Au or FTO/
TiO,/PCBM or PPCBM/perovskite/Spiro-OMeTAD/Au.

Perovskite films for PL imaging microscopy and XPS are prepared
as follows: The glass substrates were cleaned using an ultrasound
bath with acetone for 5 min and another 5 min in isopropanol. After
treatment with O3 plasma, the perovskite precursor solution was spin
coated on the substrates in a N, glove box. For perovskite PCBM bulk
heterojunction devices, the perovskite precursor solution was mixed
together the with PCBM solution with molar ratio Pb/PCBM = 500:1.
For the perovskite/PCBM bilayer and perovskite/PPCBM devices, the
perovskite film was directly deposited on the PCBM layer or PPCBM
layer. All the films were annealed at 105 °C for 1 h 15 min. For PL
imaging microscopy, in order to apply electrical field, lateral configured
gold electrodes were evaporated on top of these films using a shadow
mask. The distance between parallel electrodes was 200 um and the
interdigitating electrode geometry provided a ratio between channel
width W and length L, W/L of 500. In the end, to protect the film from
the oxygen and water, a 40 mg mL™" poly(methyl methacrylate) (PMMA)
solution dissolved in butyl acetate (anhydrous, 99%) was spin-coated at
speed of 2000 rpm for 60 s.

J-V Measurement of Device: |-V measurements were carried out
within inert environment using a Keithley 2400 source measure unit
under 100 mW cm~2 illumination from an AM 1.5 solar simulator (Oriel
company). The active area of 4 and 9 mm? were defined by the overlap of
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a black mask aperture area, the FTO and the evaporated top electrode.
The light intensity was calibrated by a Si detector. No biasing process
was applied prior to the scanning, we scanned from 1.2 to —0.1 V and
then measured the reverse scanning continuously. The scanning speed
is 0.8 V s and each step was 0.01 V. Number of power line cycles
(NPLC) was 0.1.

PL Imaging Microscopy: The setup of PL microscope is shown in
detail in Figure S4, Supporting Information. The excitation source was
a white light LED and it was combined with a dichroic mirror and a
PL filter (HC 440 SP, AHF analysentechnik AG) in the excitation beam
path. There was another filter (HC-BS 484, AHF analysentechnik AG)
for the emitted PL signal from the sample. As a result, the wavelength
of excitation beam was up to 440 nm and the emission signal comes
to detector was above 490 nm. All the PL images were recorded by a
CCD camera (Pco. Pixel fly, PCO AG) with an exposure time of 200 ms.
For in situ electric measurement, samples were fixed on the microscope
table and regions between Au electrodes were focused. An electric field
was applied between the Au electrodes, simultaneously PL images were
captured. The applied electric field varied from 5 to 40 V.

XPS Characterization: All the XPS measurements were carried with a
PHI 5000 VersaProbe Il system. An Al Ka excitation source was used
(hv = 1486.6 eV) at a pass energy of 55 eV. A gas cluster ion beam
(GCIB) forming clusters of =2500 Argon atoms was used to sputter the
film step by step with a sputtering energy of 10 kV 30 nA and a duration
of 0.5 min of each cycle.

Temperature Dependent Chronoamperometric Measurements:  For
temperature dependent J-V curves measurement, the samples were
put into a continuous flow cryostat (Oxford Instruments, Optistat CF).
PSCs (with and without PCBM layer) with effective area 4 mm? were
measured in different temperatures (180, 220, 260, and 300°K) without
light illumination. Step-wise voltage was applied to the cell from 1.2 to
0.6 V with the step of —0.2 V. The corresponding current density was
recorded per microsecond.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: Photovoltaic parameters extracted from current—voltage measurements of a series of solar cells
with two different structures. (a) and (b) show the parameters of reverse sweeping and forward sweep
separately. Reference: FTO/compact TiO/perovskite/Spiro-OMeTAD/Au; with PCBM: FTO/compact
TiO2/PCBM/perovskite/Spiro-OMeTAD/Au.
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PCBM film PPCBM film
Figure S2-1: SEM images: (a) and (c) PCBM film (b) and (d) PPCBM film. The dots in the images are

PCBM aggregations or phase segregation of PPCBM.

Perovskite film Perovskite film on PCBM layer Perovskite film on PPCBM layer

Figure S2-2: SEM images of perovskite film formed on different bottom layer: (a) and (d) on glass, (b) and
(e) on PCBM layer, (¢) and (f) on PPCBM layer. Despite of more pinholes in perovskite films on PCBM and
PPCBM, they do not show an obvious difference.
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Au electrode -

perovskite '
: PPCBM PCBM
substrate

Figure S3: Device architecture with lateral electrodes. Through the electrodes, electric field can be applied

on the perovskite material and its time-resolved PL images are recorded. (a) is perovskite reference. (b) is

perovskite/PPCBM bilayer system. (c) is perovskite/PCBM bilayer system.

(a) : Detector |

: Light _
: source:

Excitation filter

Emission filter

Dichroic mirror

Objective lens

> >~ Sample

(b)

Perovskite film

Au electrode

Figure S4: (a) Schematic diagram of photoluminescence imaging microscopy. The specimen is illuminated
with a green laser (wavelength: 432nm). The blue line is the incident beam. The orange line is the emission
signal. (b) Schematic diagram for the ion migration observation setup using the PL imaging microscopy. An

electric field is applied between the two lateral Au electrodes.
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Reference PPCBM PCBM
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Figure S5: (a)~(d) Temporal-resolved PL images of MAPbI(Cls« reference sample under an external
electrical field, (e) is its time-dependent current and (f) depicts 1/I*> over time. (g)~(j) PL images of a
perovskite/PPCBM bilayer sample under external electrical field, (k) is its time-dependent current and (i)
depicts 1/I* with time. (m)~(p) PL images of a perovskite/PCBM bilayer sample under external electrical

field, (q) is its time-dependent current and (r) depicts 1/I?> over time.
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The intensity scale bar and size scale bar (50um) for the PL images is the same in each row.
The device structures are shown in Figure S3. The emissive part is the perovskite, which is
between two Au electrodes. The applied bias is noted above each image row in blue. When a
bias is applied between the two electrodes, the current and the PL changes are in situ recorded.
The plus and minus sign stand for its positive and negative electrodes. The exposure time per
image is 200 ms. The illumination intensity is ~35 mW/cm?. The red line in (f), (i) and (r) is the

fitting line, showing the linear relationship between 1/ and ¢ in a certain region.

S6: The dynamic model to determine iodine vacancy mobility !l

The electrical field can induce the iodine vacancies V1" drift. The iodine vacancies fill the anode
area up to a density Cm, compensating its original p-doping and reduce majority carrier density:
p1=po-Cn. Po represents the doping of perovskite before electrical field and p; is the doping
level after the flow of iodine vacancy Vi'. Theses iodine vacancies drift from the positive side
to the negative side, leaving behind the reduction of radiative recombination rate. This is related

to observation in Figure S5 that PL starts to quench from the anode area.

To better demonstrate the model, we introduce two variables:

2yv
y=2-1and a =22
P1 dlg

(d: the distance between anode and cathode; vo: the initial velocity of PL quenching; Io: initial
electrical current)

The electrical current depends on time:

It)=>0+ 2V;"t)_l/ZIO Equation 1

By transforming Equation 1, it is obtained:

11 .
m=ptat Equation 2
0

So in Figure S5 (f), (i) and (r), the red fitting lines follow Equation 2 and the slope is a.
The initial velocity is:

— Po KV :
0= 4 Equation 3
(V: applied electrical field, pu.: the mobility of iodine vacancy)

_ad?Iyl?

Finally, we can obtain: Ue = 2 (g1
o
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Gas cluster
ion beam

Perovskite ___
Substrate — !

Figure S7: XPS spectra of Cls peak from perovskite reference sample with sputtering visualized on the left.
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Figure S8: XPS spectra of a perovskite reference sample.
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I
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Figure S9: Differential scanning calorimetry of PPCBM as discussed in detail in by Hufnagel et al.[?)
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Figure S10: PL spectrum of a reference perovskite film.
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Figure S11: (a) Temperature dependent chronoamperometric curve of PPCBM device, from 1.2 Vto 0.6 V
with step of 0.2 V, each voltage lasts 40 sec. (b) Activation energy of iodide ions in pure perovskite (reference),
perovskite on PCBM layer and perovskite on PPCBM layer devices, respectively. The activation energy in
perovskite on PCBM layer is higher than that in pure perovskite and perovskite on PPCBM layer, indicating
the passivation effect of PCBM layer.
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Figure S12: Absorption spectra of a PCBM film and a PPCBM film, when spin coating pure DMF solvent
ontop of the film (3000 rpm, 60s). Comparing with PCBM film, the absorbance reduction of PPCBM film is
small. As PPCBM is hard to dissolve in DMF, the incorporated PPCBM in perovskite film during spin coating
process is little. The solubility of PCBM in DMF is small, but the process is fast. It shows that there is a
fraction of PCBM that can be partially dissolved in DMF during the perovskite spin coating process and
already be incorporated within in perovskite film next to interdiffusion during the perovskite annealing step.
The absorbance data shows, that the initial PPCBM layer is significantly thinner compared to the PCBM

layer. Both layers have been optimized towards their best electronic properties in the devices.
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6mg PPCBM in 2ml DMF

Omin 2min 2min + 3min shaking  2min + 30min shaking

6mg PCBM in 2m| DMF

filter
_—

Omin S5min After filtration

Figure S13: Images taken when we dissolved 6mg PPCBM or PCBM in 2 ml DMF. For PPCBM, no obvious
change was observed after 2 minutes’ standing and 3 minutes’ shaking. After 30 minutes’ shaking, PPCBM
started slowly to dissolve partially in DMF. For PCBM, the powder was dispersed in DMF. The PCBM
suspension became black immediately, however no complete dissolution could be reached, showing that the
solubility limit already has been reached. After filtration, most of the PCBM was filtered showing the small
amount of PCBM that could be dissolved in DMF. These quick solubility tests were conducted at room

temperature. We note, that these tests only show qualitative trends of DMF as a bad solvent.
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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 MAPbIs 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
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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 MAPbI;. It is
possible to realize the second processing step either by
exposing the Pbl, layer to a MAI gas phase, by dipping the PbI,
layer into a MAI solution, or by spin coating the latter onto the
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recrystallization process happens at a rate of 445 nm s -,

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—

1 emphasizing its importance to the overall

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 MAPDI; 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
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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 MAPDbI; 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 PbI, 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)

Pbl,/DMF 4ot 100°C

Hot stage . White Light

Fig. 1 The preparation of MAPbIs 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.

This journal is © The Royal Society of Chemistry 2020

MAPDI, I(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(¢) = log(ly/I(t)). The resulting
spectrum is shown in the ESI (Fig. S1t). 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 MAPbDI; 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(Ie¢/I(¢)), shown in Fig. 2a. One
may argue that, at later stages, this procedure implies sub-
tracting a no longer existing reflection signal as the PbI, 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 MAPDbI; absorption. For reference,
a plot of the PL spectra with absolute intensities is given in the
ESI (Fig. S1%).

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 MAPDI; 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).

J. Mater. Chem. A, 2020, 8, 5086-5094 | 5087
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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. 2c, 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. S2). 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 MAPbI;, 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 )

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
MAPbI;,>?° 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 S37). It appears that the film formation
starts at a thickness of about 8 nm, increases to about 20 nm

This journal is © The Royal Society of Chemistry 2020
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(a) Evolution of PL during processing. Top: normalized PL within the first 1.4 s (range |) and at 6.0 s (range Il). Middle: normalized PL from

9.15s (black line) to 12.6 s (red line) (range I11). 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 l1l). 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. S37).

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

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®*?

AAs
2(Mny — Aomy)

= )
where A; and A, correspond to the wavelengths of two adjacent
maxima or minima and n; and n, represent the refractive index
of the layer material at A; and A,. While the determination of A,
and 4, 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 MAPDI; (~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 pm 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. S41). 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. S57). 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 at9.1'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.
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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 ¢y = 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 MAPbI; 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 detailsf). 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 4+ 15 nm s~ ' (Fig. $97). 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. S10t), we start by using the PL spectrum
at 12.7 s, ie. at the beginning of range IV, and consider the
intensity of MAPbI; absorption present in that moment to
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Fig. 4 The film thickness as a function of spin-coating time, derived
with different approaches as detailed in the text. Black circles: derived
by converting OD into thickness, orange diamonds: derived by fitting
the interference pattern, red squares: derived by associating a PL shift
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. S11%). 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 MAPbL.

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, i.e. the film formation is complete. X-ray scattering results
reveal that after time range V no PbI, exists in the film, sug-
gesting a full conversion to MAPbI; (Fig. S127). 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 MAPDI; 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~___
MAPbl; —_ Lo ] — ,

Substrate™

Range | Range Il

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 1.
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 ml~* 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 MAPDI; 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 MAPDI; 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 MAPbI; grain
size in the case of the two-step method.*>* In this framework,
a MAI concentration of 40 mg ml ™" (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 MAPDbI;.>*® 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)

Range Ill

Range IV

spin coating time

Fig. 5

(a) Range |: the formation of a MAPbIz 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 llI: the iodine
concentration increases because of the solvent evaporation and leads to the beginning of the dissolution of the MAPbIz capping layer. (d) Range
IV: the fast dissolution—recrystallization process, when most of the MAPDbIs 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 Pbl, compared to
MAPbDI;.** As a consequence, this has been shown to prevent
MAI diffusion to the underlying PbI, and thus suppresses
further MAPDI; crystallization.™

Range 11T

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

CH;NH;PbI}(S) + Ii(SOI) CH}NH3+(SOI)

recystallization

+ PbL,*"(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 PbI,>~
complexes are known to dissolve existing MAPbI;, 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 MAPDI; crystallites dissolve,
we do not observe a reduction of absorption, but even a slight
increase of the MAPDI; 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 MAPDI; 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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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
PbI,>~ 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 MAPDbI; 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. S131). 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,
(11) 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,
(1) 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, i.e. extent and
timing of the interface crystallization and the dissolution-
recrystallization process, depend on the morphology of the PbI,
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 (PbI,) 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 uL
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

This journal is © The Royal Society of Chemistry 2020

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 Iy, the
transmission through a blank quartz substrate was used.

116



7 Investigating Two-Step MAPbI3 Thin Film Formation during Spin Coating by
Simultaneous in situ Absorption and Photoluminescence Spectroscopy

S2: Fitting of hyperbolic secant to measured PL in range I
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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 MAPDI3 crystal size from the PL spectra in range I 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 1142 nm/s is obtained.
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S4: Extracted absorption edge of PL in range II11

The optical density of the absorption edge was extracted by OD = —log (;;Lfﬂ), where
initial

PLipitia 18 the PL at t = 9.1 s and PLg, 5 1s the PL at t = 12.6 s scaled to the red falling edge
of PLiynitiq1- 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) at t = 12.6 s, (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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SS: Effect of self-absorption in range IIT
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Figure S5: Normalized measured PL at t = 9.1 s (black) and t = 12.6 s (grey), together with modeled PL
considering self-absorption and internal reflections, assuming the PL at t =9.1 s to correspond to the intrinsic
PI 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 111
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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 III.
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S7: Thickness Calculation from Absorption Interference at range I11

Interference fringes in the measured absorption spectra were observed at the end of range II1,
as shown in Figure S7a t2 = 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:>?

A2
d= ——1"2 S1
Z(A 1712—1 2711) ( )
d: thickness of the sample;
A1 and A2: the wavelength at two adjacent maximum or minimum intensity;

n1 and n2: the sample refractive index at A1 and Az.

To quantify the value of A1 and A2, we use the normalized absorption e.g. at t2 = 11.6 s and

subtract the absorption spectrum at t1 = 9.1 s (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 CH3NH3Pbls, isopropanol and Pbla respectively.*S In the range between 550 — 750nm,

the refractive indexes of these three materials are, 2.4~2.5 (CH3NH3Pbls), 1.3~1.4 (isopropanol)
and 3.1~3.2 (Pbl2). Depending on the chosen parameters the calculated thicknesses from

Equation S1 differ (Figure S7b)
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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 t; and was used to extract A; and A2 (b) The
calculated thickness from the interference fringes using the refractive index of isopropanol (yellow dots),
MAPDI; (grey squares) and Pbl, (green triangles).
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S8: Estimation of MAPDI3 thickness from absorption data

From Lambert-Beer law,
[ = [je~d (S2)
I: Incident intensity;
I: Transmittance intensity;
a: Absorption coefficient;
d: Film thickness.

Then we can obtain the thickness from the following equation:
a=2.303 (%) (S3)
OD: Optical density.

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 MAPbI3 layer thickness in range IV to estimate the MAPbI3 growth rate
from resulting slope, where we find a value in the range of 445+15 nm/s.

S10: Estimation of MAPDbI3 thickness from the PL spectra in range 1V

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) (84)

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

PLdirect(E) = foL PLint(E) : n(x)z ) (1 - rf) ’ exp[_a(E) X] dx (S5)
PLjiered (E) = foL Yj=1 PLinc(E) - n(x)?- (1 —15) - {A; + B;} dx (56)

with 4; = T}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; = 7}j_1 1) - exp[—a(E) - ((2j — 1) - L + (L — x))]. Here, a(E)
denotes the absorption coefficient of the material, 77 and 7}, are the reflection probabilities at
the front and back interface, respectively, n(x) is the charge carrier density and L denotes the
layer thickness. C is a suppression constant, which accounts for a mismatch of excitation and
detection spot, where C = 1 means no suppression and € = 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
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PLint(E) = PLdetected(E)

C

. fL In(x)2 . (1 — rf) -exp[—a(E) - x] (87)
0

-1

+ ) n(x)? - (1—r)-{4 + Bj}| dx
; ¥ j T bj

with L being the thickness of the MAPDI3 layer at the beginning of region IV, as determined by
the absorption data. The calculated intrinsic PL is shown in Figure S10. Using this intrinsic PL,
the thickness of the MAPbDI; 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.
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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.

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 MAPbIz*?, about
1.45 for glass'®, 1.38 for isopropanol®, about 2.5 for Pbl2® and 1 for air, one obtains reflection
probabilities of 0.85 for the interface MAPbI3-air, 0.7 for MAPbIs-glass, 0.71 for MAPDbI;3-
isopropanol and about 0 for MAPbI3-Pbl2. Except for the case of MAPbI3-Pbla, reflections at
other interfaces are neglected for simplicity, but would lead to an increase of the overall
“effective” reflection probability. Since MAPbI3 and Pbl: are nearly index-matched, we
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consider instead the Pblz-glass interface with the same reflection probability as the MAPbI3-
glass interface.

Figure S11a shows the obtained thicknesses for different interfaces (glass-perovskite-air (g-a)
and glass-(Pblz-) perovskite-isopropanol (g-1)) 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-1, 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-1, 0.3) (Figure S11e) 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.

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) MAPbI; 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 1V. (c-f) Modelled PL spectra considering internal reflections 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.
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S11: XRD measurements of the sample
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Figure S12: XRD pattern of (a) Pbl, and (e) MAPbI; obtained from references.!!> 1> XRD spectra of (b) Pbl,
layer on glass substrate, (¢) with MAI solvent spin coated on the Pbl, layer and (d) the MAI + Pbl, film after
45min thermal annealing.

Figure S12¢ 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.* ¥ while any sign of
remaining educt phase e.g. Pblz is absent. After thermal annealing, the signal from the dihydrate
completely vanishes (Figure S12d).
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S12: 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:'*

1.22

Here, C = 0.02 M MALI solution has been taken as equilibrium concentration by assuming that
0.02 M MALI 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

100+

Grain size (nm)

0.0 0.1 0.2 0.3 0.4 0.5
MAI concentration (M)

Figure S14: Average grain size of MAPbI3 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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S13: 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 =

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 Agp.¢. 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
AE _ 238eV-163eV
Ephoton 2.38 eV

fraction of = 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 of non-radiative decay of 90%, so that we get another fraction of
1.63 eV -0.9
2.38 eV
transformed to heat.

= 0.616. Thus in sum, a fraction of f = 0.931 of the irradiated energy is

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:

aq _ aar
Z=4 (S10)

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 = Agpqr.

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+Ee'f'Aspot=O (S11)

Rearranging this equation for AT gives
—AT = ET“ (S12)

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, is A = 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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Abstract

Organo metal halide perovskite solar cells continuously attract attention due to their progressive
performance improvement in the last few years. One of the key factors contributing to this
improvement is the significant enhancement of perovskite crystal quality, including its
crystallinity and morphology. Among various methods, the solvent vapor assisted annealing
(SVAA) method has been demonstrated as an effective way to achieve this enhancement.
However, a comprehensive study of the detailed process during SVAA is still lacking. In this
work, we constructed a setup to modulate SVAA conditions precisely in order to explore the
crystallization kinetics. By controlling N,N-dimethylformamide (DMF) vapor concentration,
the grain size of perovskite crystals can be tuned from 200 nm to several micrometers. By means
of in-situ grazing incidence wide-angle X-ray scattering (GIWAXS), the formation of an
intermediate, i.e. a MAI-Pbl2-DMF complex, is elucidated. It is found that during SVAA the
crystal growth process transfers into a more complicated Ostwald ripening process with the
increasing DMF concentration. Moreover, this study points out the critical role of precisely
controlling solvent vapor concentration during SVAA to obtain high-quality perovskite
polycrystalline films.
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Introduction

Organo metal halide perovskites have shown an unprecedented development towards their
application in solid-state solar cells since their first demonstration in 2012."? Regarding the
steep increase in the efficiency of perovskite solar cells and the improvement of their stability,
it is widely accepted that they are closely associated with the quality of the perovskite crystal.
Researchers have devoted to develop methods in order to fabricate high-quality perovskite films,
ranging from precursors modulation and solvents treatment to additives incorporation and
further approaches.>® Among them, a very effective method is to control the annealing
condition during the perovskite formation, including the temperature and ambient conditions.’”
® The implementation of solvent vapor during annealing, e.g. N,N-dimethylformamide
(DMF),? dimethyl sulfoxide (DMSO),!! y-butyrolactone,'? has been reported to be helpful. Zuo
et al. have found an enhancement of the perovskite solar cell efficiency when MAPDbI3 film is
exposed to DMF or DMSO vapor, reaching efficiencies of up to 19.2%.'* The average grain
size and quality of the perovskite films treated with solvent vapor can be significantly improved.
With DMF vapor, grain sizes of more than 1.5 um have been demonstrated'*!
high crystallinity and reduced defects have been reported.'®!’

and films with

Solvent vapor assisted annealing (SVAA) is a well-established method in altering polymer
morphologies, block-copolymers or the fabrication of organic optoelectronic devices.!® For
example, the efficiency enhancement of poly(3-hexylthiophene)/[6,6]-phenyl-C61-burytic acid
methyl ester (P3HT/PCBM) photovoltaic cells through SVAA method were found 10 years
ago.!”? Further studies concentrated on the effect of SVAA on the structure of PZHT/PCBM
layer, including phase separation and ordering of polymer blends.?'">* Beside this, the SVAA
method shows its promising prospects on a wide-range of semiconducting polymers.*** Even
though there are studies of perovskite SVAA method coming out, more fundamental
investigations are still lacking. On this account, this paper is dedicated to the crystallization
kinetics of SVAA of perovskite film.

Grazing incidence wide-angle X-ray scattering (GIWAXS) has emerged as a powerful tool to
study in-situ perovskite crystallization kinetics of thin films.?2® GIWAXS results demonstrate
that the heat-induced crystallization process of perovskite can be generally divided into three
stages: solution stage, from solution to an intermediates stage, from the intermediates to the
perovskite crystal.?**° D.T. Moore et al. have set a model to extract the activation energy for
precursor-to-perovskite transition of thermal annealing.’! For an SVAA process, K. Meng et al
compared the influence of different solvent vapors and found that DMF and DMSO molecules
could serve as coordinating molecules to form an intermediate adduct during the annealing.
Based on these previous outcomes, we use GIWAXS to study the transformation of the
intermediate phase and the crystallization kinetics. Especially, the influence of the DMF vapor
concentration on the crystallization kinetics is in focus of this presented work.

In many studies, SVAA of perovskite films is carried out in a very simple way by putting an
as-spun film and droplets of solvent in a petri dish and then heating the petri dish.'®!” By means
of this method, it is difficult to modulate the pressure and the duration of the solvent vapor
during the annealing process. For any further industrial application SVAA needs to be
performed in a much more controlled, up-scalable and reproducible way. Hence, we constructed
a setup to precisely manipulate the solvent vapor pressure using digital flow controllers, which
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has already been successfully utilized in semiconducting polymers studies.?***3* This paper
focuses on the investigation of perovskite film formation with SVAA by systematically
changing the parameters, e.g. vapor concentration, vapor temperature and so on. This study can
provide guidance for a further optimization of the annealing parameters to manufacture high-
quality perovskite films. Moreover, it elucidates the formation pathway and mechanism.

Results

We employed a two-step method to fabricate perovskite films. As shown in Figure 1(a),
perovskite films were prepared by sequentially spin coating Pblz solution (dissolved in DMF)
and MALI solution (dissolved in isopropanol). Then, the films were annealed in a specially
designed sample chamber, as shown in Figure 1(b) and Figure S1(a). The inlet of the chamber
is connected to an inlet and an outlet gas line. For the outlet gas line, the N2 gas passing through
the solvent bubbler will be saturated with the solvent vapor. We can change the saturation of
the solvent vapor in the sample chamber, by adjusting the ratio between dry N2 gas with the
fully saturated N2 gas from the bubbler. All of them are placed in an oven and the sample
chamber can be additionally heated on by hotplate inside the oven. Through the oven, the
temperature of the solvent bubbler and the pipelines can be controlled. According to Clausius-
Clapeyron relation and ideal gas law,* the solvent concentration can be precisely regulated in
a large range. An example of the DMF vapor concentration is illustrated in Figure 1(c) for
several temperatures of solvent bubbler. The detailed estimation of the solvent vapor
concentration in the sample chamber is expressed in S2. Moreover, the flow controller is
digitally connected to a computer, allowing a precise control of time and flow rate.

In the subsequent experiment, the prepared films were transferred into the sample chamber after
spin coating. The films were annealed for 45 min at 110 °C with different gas flow settings. For
SVAA samples, they were annealed under DMF vapor within the first 30 min followed by 15
min of pure N2. The reason to choose DMF is its good solubility of perovskite and Pbl2. To
reduce the flow turbulence on the film surface, a low flow rate of 10 cm?/min was hold. After
several trials, we set the solvent bubbler temperature to T1 = 75 °C and the vapor saturation to:
20%, 30%, 40%, 50%, 60% and 80%. This corresponds to DMF vapor concentration in the
sample chamber of: 0.54x107,0.81x10°, 1.1x10°%, 1.3x10°, 1.6x107%, 2.2x10° mol/cm?>. They
are indicated by the triangle symbols in Figure 1(c).
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Figure 1: (a) The two-step method to prepare MAPbI; perovskite film; (b) Schematic illustration of the
solvent annealing setup. T} and T are the temperatures of solvent bubbler and sample chamber, respectively.
(c) The control of DMF vapor concentration by changing the solvent temperature and its saturation. The
saturation can be adjusted by changing the two N inlet ducts ratio in (b). The temperature in the graph legend
means the solvent bubbler temperature T; in (b). The triangles represent the vapor conditions used in the
following experiment.

Scanning electron microscope (SEM) images of perovskite films are shown in Figure 2(a).
Moreover, XRD patterns of the films annealed with high DMF concentrations (1.3x10%®,
1.6x10°, 2.2x10°° mol/cm?®) are shown in Figure S2, indicating full conversion from Pbl2 and
MALI to MAPDI.
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Figure 2: (a) The SEM images of perovskite films annealed with different DMF concentrations. The labels
next to the SEM images are the corresponding DMF vapor concentrations. (b) The average crystal grain sizes
of perovskite film annealed with different DMF concentration.

The SEM images in Figure 2(a) show that perovskite films yield larger grain sizes when they
are annealed under higher DMF concentrations concomitant with a lower surface coverage. By
analyzing the average grain size of perovskite crystals from the SEM images, we can obtain its
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relationship to the DMF vapor concentration, as plotted in Figure 2(b). Below 1.1x10° mol/cm’
the average grain size does not change significantly. When the DMF concentration increases to
2.2x10°% mol/cm?, the average grain size reaches 4.5 um. If we further increase the DMF
concentration to 3.8x10° mol/cm?, as displayed in Figure S3 (a), the films become transparent
after several minutes of SVAA. As observed by SEM, it shows a needle-like morphology on a
millimeter scale instead of granule-like crystals, which is a sign of dissolution and
recrystallization of the perovskite. These phenomena suggest that the SVAA method is a way
to control the grain size and morphology of perovskite film, though the vapor saturation needs
to be carefully controlled. To investigate the specific process in the SVAA method, we use
grazing incidence wide-angle X-ray scattering (GIWAXS).
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Figure 3: (a) Experimental setup for in-situ GIWAXS measurements of perovskite film annealing process.
(b) Azimuthally integrated intensity plot of the GIWAXS patterns - after the deposition of MAI on Pbl; layer.
The stars represent the characteristic peaks of MAI (pink), Pbl, (red), intermediate phase (blue) and
perovskite (grey). X-ray scattering patterns of perovskite film during (c) heat annealing and (d) SVAA.
Figures from left to right indicate the changes along with increasing annealing time.

GIWAXS measurements were carried out on as-spun samples during its annealing. The sample
preparation is as illustrated in Figure 1(a). After spin coating MAI solvent on Pbl: layer, the
sample was transferred into a self-designed chamber depicted in Figure 3(a) and it took
approximately 5 min from the spin coater to the first GIWAXS measurement. A semi-cylinder
covered by a kapton film allows X-rays to pass. The flow inlet of the chamber is connected to
a solvent bubbler and two flow controllers, similar to the setup of Figure 1(b). The chamber and
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the solvent temperatures are both controlled by cycling thermostats. The mounting of the
chamber for GIWAXS measurement is displayed in Figure S1(b). With this setup, we are able
to view the structure changes of perovskite film during heat annealing and SVAA in situ. A
small limitation compared to the setup shown in Figure 1(b) is the more limited temperature
range. Figure 3(b) shows a GIWAXS pattern of the film before annealing. This corresponds to
our previous study, that the perovskite crystal structure forms when MAI diffuses into the Pbl2
layer during spin coating.*® Beside the strong perovskite signal at 10.0 nm™, there still exists
some unreacted Pbl> and MAI within the film, indicated by peaks at 9.0 nm™ and 6.5 nm™'. The
peak at 8.2 nm™! is attributed to a MAI-Pbl>-DMF complex?”-*8, which will be addressed in the
following part. DMF is likely to be present as residual in the Pblz layer.
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Figure 4: Azimuthally integrated intensity plot of the GIWAXS patterns of perovskite film during (a) heat
annealing and (e) SVAA. Each intensity curve is integrated from radial rings over the entire GIWAX image.
Intermediate phase peak at 8.2 nm™' is marked by blue. Pbl, peak at 9.0 nm™ is marked by red. (b), (c) and
(d) are intensity of the peak at 10.0 nm™ at 8.2 nm™ and at 9.0 nm™ in (a), respectively. (f), (g) and (h) are
intensity of the peak at 10.0 nm™ at 8.2 nm™! and at 9.0 nm™ in (e), respectively.

Figure 3 (c) and (d) display GIWAXS patterns of the sample with heat annealing and DMF
SVAA in comparison. The heat annealing conditions were at 120 °C for 45 min with a N2 flow
of 10 cm®/min. For solvent annealing, it was conducted at 120 °C under DMF vapor for the first
30 min and under pure N2 for the last 15 min. The DMF vapor concentration in the first 30 min
was 1.0x10”7 mol/cm®. Due to the setup restrictions during the X-ray scattering measurement,
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it was difficult to achieve a very high saturation of DMF vapor. The first 2D GIWAXS pattern
was recorded when the temperature of the chamber reached 120 °C. During the warming-up
phase, the gas flow (either pure N2 gas or N2 gas saturated with DMF) was applied. The peak
intensity of the heat annealed and solvent annealed sample at 0 min slightly differs, as the
presence of DMF molecules can suppress the crystallization process before the temperature
reaches 120 °C. Additionally, we need to mention that both heat annealed and solvent vapor
assisted annealed samples exhibit a weak Pblz signal after 45 min for those samples that were
in-situ X-ray characterized. When we measured the annealed perovskite film prepared with the
similar method but without continuous X-ray scattering measurements, no Pbl> peak was
detected, as displayed in Figure S4(c). It indicates that the exposure to X-ray can lead to the
degradation of MAPbI3 at an elevated temperature. Two works from M. Alsari et al.>* and R.
L. Z. Hoye et al.*° also point out X-ray beam damage on perovskite sample. The decomposition
product Pbl> was unavoidable in our in-situ measurement even though we minimized any
influence by shifting the sample after each X-ray exposure by 0.2 mm and by using shot
exposure times. As illustrated in Figure 4(b) and (c), the amount of Pblz is low after 45 min
annealing, comparing to the peak intensity of perovskite. Hence, we assume there is no
significant impact on the perovskite crystallization process.

For a full study of GIWAXS results, we azimuthally integrated the 2D-patterns and showed
them as one-dimensional scattering intensity curves, which allow a direct comparison of the
crystallinity degree. As presented in Figure 4, the scattering patterns were plotted as a function
of time and the peak areas of the perovskite (at 10.0 nm™), the intermediate phase (at 8.2 nm™)
and the Pbl2 (at 9.0 nm™') were analyzed. In general, we found that the intensity of the perovskite
peak increased over time, reaching its maximum at 20 min for the heat annealed sample and 40
min for the solvent annealed sample. In the first 5 min, an increase of MAI intensity and Pbl2
intensity was observed in both samples (displayed in Figure 4(d), (h) and Figure S5),
accompanied with the decrease of the intermediate phase. For the heat annealed sample, the
Pbl: intensity decreased after 5 min and no obvious changes were observed after 20 min. For
the solvent annealed sample, the Pbl2 intensity also decreased after 5 min and increased slightly
after 40 minutes. The main difference between these two samples was the intermediate phase.
The heat annealed sample yielded no more intermediate phase after 5 min, while it appeared
again after 10 min during SVAA. These results imply that for solvent annealed sample the
transition into the perovskite is slowed down significantly and the intermediate phase play an
important role in the crystal formation.

Discussion

Based on the GIWAXS results, the sharp increase of MAI and Pbl: noted in the first 5 min
suggests that the intermediate phase transfers into Pbl> and MAI. For the composition of the
intermediate, one assumption is MAPbI3-DMF. However, MAPbI3-DMF will directly convert
into MAPDI; after annealing and no MALI or Pblz will be formed,*' which is not consistent with
our observation. In this work, the observed intermediate phase is suggested to be MAI-Pblz-
DMF complex. It has been reported that the scattering peak from MAI-Pbl.-DMF complex (110)
plane is ~8.19 nm™! and the MAI-Pbl>-DMF complex was found in an as-spun film annealed in
the temperature range between 40 °C and 80 °C.3” Accordingly, the characteristic peak of this
observed intermediate phase is at 8.2 nm™!' and it matches the peak position of MAI-Pbl>-DMF

138



8 Crystallization Kinetics of Controlled Solvent Vapor Assisted Annealing of Organo Lead Perovskite Film

complex. Based on this, we propose the following heat annealing crystallization mechanism:

(a) DMF (b)
MAI-Pbl2-DMF complex «—— MAI + Pblz <> MAPbI3

Our proposition results from a number of considerations. First, when MAI was spin coated on
Pblz, the transformation into MAPDbI3 immediately took place, as evident from the strong
MAPbI; related peaks right at the beginning of the SVAA process.*® Simultaneously, some Pbl>
and MAI would react with the residual DMF, thus forming MAI-Pbl>-DMF complex. This is
evidenced by the peak at 8.2 nm™!. As shown in Figure 5(a), after spin coating, the film may
contain following components: MAPbI3, Pbl2, MAI and MAI-Pbl>-DMF complex. When the
sample is annealed at 120 °C, the complex converts within the first 5 minutes to MAI and Pblz,
as suggested by the initial fast growth of the Pbl> scattering signal and concomitant further
growth of the perovskite scattering signal. The main transition during the heat annealing is the
reaction (b), which occurs between MAI and Pbl2 and leads to the formation of MAPbI3. This
transition is shown schematically in Figure (a) and (b).

For the sample annealed under a low DMF vapor concentration (DMF concentration < 1.3x10"
6 mol/cm?,), the decrease of the intermediate peak within the first 5min is most likely a
consequence of the concomitant heat treatment. Over time, the accumulating DMF molecules
into the chamber can lead to the transition into MAI-Pbl>-DMF complex. The appearance of
this complex happens after approximately 10 min. From 10 min to 30 min, the perovskite
scattering intensity continues to increase but with a lower increasing rate comparing to the heat
annealed one, while the complex scattering intensity keeps almost unchanged. This observation
suggests that the reaction (b) from MAI and Pbl> to MAPbI3 slows down and the amount of
reacted DMF stays almost constant. Based on the relatively low MAI-Pbl.-DMF complex
intensity, we suggest that DMF in this case mostly reacts with the MAI and Pbl2 on the surface
or at the grain boundaries, where it is easier for DMF molecules to interact. The angle-
dependent GIWAXS measurements in Figure S6 are consistent with this hypothesis, as the
amount of MAI-Pbl2-DMF complex on the top part of the film is higher than that in the bottom.
After 30 min, the DMF vapor is removed and the sample is heat annealed from 30 min to 40
min in pure N2. Within this period, the MAPbI3 intensity becomes higher which is originated
from reaction (a) and (b). Based on the discussion above, we can explain the SVAA process
with a low DMF concentration: DMF molecules interact with the surface of the film and diffuse
into the film, forming an MAI-Pbl>-DMF complex, through which enables the coalescence of
two adjacent grains together and the formation of a larger grain. Its corresponding schematic is
shown in Figure 5(c). The composition of the MAI-Pbl>-DMF complex is proposed to be
Pbl2:3AMAI-DMF or Pbl2*MAL*MA-DMF and from previous studies it appears at places where
DMF and excess MAI exist.>”¥
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Figure 5: Schematic of MAPbI; perovskite thin film formation with different DMF concentrations and the
corresponding final film morphology. (a) The film before annealing with prevalence of MAPbI3, Pbl,, MAI
and MAI-Pbl,-DMF complex. The film is annealed (b) without DMF vapor, (c) with low DMF vapor
concentration and (d) with high DMF vapor concentration. From a low to high DMF concentration, the
perovskite formation process changes from crystal growth into Ostwald ripening and the final perovskite
crystal sizes increase.
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In the case of a high DMF vapor concentration (DMF concentration > 1.3x10° mol/cm?), the
observation of pinholes in the final perovskite film (shown in Figure 2(a)) implies the formation
of a liquid phase when DMF vapor is continuously provided. This process may differ from the
mechanism described above. Here, we propose a pathway under high DMF concentration:

(b) (a) DMF (c) DMF (d) DMF

MAPbBI3 <= MAI + Pbl, «——— MAI-Pbl2-DMF complex «—— Liquid phase «<—— MAPbI3
When the DMF vapor concentration is high, the DMF molecules will not only react with MAI
and Pblz, generating MAI-Pbl>-DMF complex, but also DMF vapor can liquefy on the complex
surface and dissolve the complexes and perovskite crystals, therefore forming a liquid phase.
Due to the surface tension, this liquid can attach to MAPbI3 crystals. Subsequently, the solute
in the liquid phase grows on MAPbI; crystals, with the transition (d). After the removal of DMF
vapor, the liquid phase can be desiccated and finally transfer into MAPbIs. The formation of
liquid phase surrounding perovskite crystals is displayed in Figure 5(d) and this is considered
to result in pinholes in the perovskite film. This pathway elaborates the possible reactions in
SVAA process.

As mentioned above, most reported studies of SVAA method were conducted in a petri dish.
In the case of a petri dish, the solvent vapor concentration can reach a relatively high
concentration in a short time, e.g. the highest possible DMF concentration in a 10 cm-diameter
petri dish with 10 pL DMF solvent is 1.6x10® mol/cm?. However, the vapor concentration will
decrease quickly after a maximum is reached with the increasing annealing time, because it is
not a properly sealed system and solvent molecules are able to escape from the petri dish. In
this way, the average vapor concentration during SVAA is relatively low and thus little or no
liquid phase is formed. Though it is possible to prepare larger crystals with no pinholes, as

shown in previous studies.'%!”

In our controlled SVAA setup, there are still certain points concerning the condensation of DMF
vapor into liquid and the influence of solvent vapor concentration on the crystal grain size,
which will be addressed in the following part. The first question is how DMF vapor condenses
when it becomes less saturated at a higher temperature in the sample chamber. According to
the kinetics of phase transition-classical nucleation theory, the formation of a critical DMF
liquid droplet homogeneously in the supersaturated gas phase is accompanied with the free
energy change AGpomogeneous- In our experiment, the DMF vapor condenses on perovskite
crystals, which is understood as heterogeneous nucleation process. Comparing to the
homogeneous nucleation in DMF vapor, the free energy barrier AGpeterogenous 18 lowered by

_ 2-3cos6+cos36

the expression: AGpeterogenous = X AGhomogeneous> Where 0 is the contact angle

2—3cosf+cos36 . . .
and0 < —— ——=< 1.35%2 Thus, less energy is required for the heterogeneous nucleation,

making the condensation of DMF vapor on the perovskite surface possible. Meanwhile, the
supersaturation at the interface is the driving force for DMF condensation and the
supersaturation is expressed by p/po, in which p is the actual vapor pressure at the surface and
po is the equilibrium vapor pressure.* When we set a higher DMF concentration, p/po increases
and the driving force as well. It indicates more DMF molecules merge into liquid phase.

As discussed above, the condensed DMF may dissolve both the MAI-Pbl>-DMF complex and
MAPDI; crystals. According to the final film morphology, the dissolved crystals are able to
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redeposit onto large crystals. This phenomenon can be described by Ostwald ripening and
explained by Ostwald-Freundlich equation:*4’

Co  2yVn
In—=
C, 1oRT

Here, C; is the equilibrium solute concentration at a plane interface and C: is the equilibrium
solute concentration at liquid/crystal interface of the crystal particle with the radius 7o (under a
given pressure p and a temperature T). y is the interfacial energy of the liquid/crystal interface.
;5 is the molar volume of crystal and R is the ideal gas constant. This equation presents that
equilibrium concentration C; at the surface of smaller crystals is higher. Consequently, smaller
crystals keep dissolving to raise the solute concentration for reaching the equilibrium
concentration. As a result, part of perovskites dissolved in the liquefied DMF, forming the
liquid phase displayed in Figure 5(d). Due to the surface tension, the liquid phase will adhere
on the large crystals. The solute comes to the liquid/crystal interface of the large crystals and
further grow on them, similar to the perovskite single crystal growth from a supersaturated
solvent. Therefore, the SVAA process develops from a standard crystal growth process to an
Ostwald ripening process, when the solvent vapor concentration reaches a high level. This
difference in the perovskite formation mechanism is graphically clarified in Figure 5(c) and (d).
Moreover, annealing with a higher DMF vapor concentration results in more liquefied DMF
which can dissolve more perovskite crystals with small grain sizes. Thus, with increasing DMF
vapor concentration, the average grain size increases and its coverage of the film decreases.

Many studies suggest that one effective way to enhance the performance of perovskite solar
cells is to increase the perovskite crystal grain size, as perovskite grain boundaries yield a higher
defect density than the crystal bulk.'®*%*” Poor surface coverage of perovskite film will cause
internal charge carrier recombination, which has negative effects on the solar cell performance.
The prepared perovskite films with DMF vapor assisted annealing currently are not able to
maintain both large grain sizes and a full surface coverage at the same time. In order to obtain
an optimal SVAA condition, studies will continue through different approaches. One is by
choosing solvents with different perovskite solubility or boiling points. The second one is by
adjusting the inlet flow vertically to the film surface to promote the crystal growth in horizontal
direction which is beyond the scope of this work.

Conclusion

In this work, we construct a SVAA setup for perovskite films manufacture, which enables the
precise regulation of parameters during the SVAA process. Our study indicates that the grain
size of perovskite films is closely associated with the DMF vapor concentration during the
annealing. Based on in-situ GIWAXS measurements, we propose the pathways to form
perovskite crystals: (1) in normal heat annealing method, direct from MAI + Pblz; (2) in SVAA
method, first through MAI-Pbl>-DMF complex and liquid phase, then to MAPDbI3 solid. In
controlled SVAA, DMF plays two major roles. One serves as a reactant, forming MAI-Pbl»-
DMF complex; the second one is to dissolve the complex and perovskite crystals only under
high DMF concentration, leading to Ostwald ripening phenomenon. Our work outlines in-depth
crystallization kinetics of SVAA method and provides a guidance on perovskite crystal growth
and further thin film processing optimization.
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S1: Experimental Procedures

Pbl> beads, DMF (anhydrous 99.8%) and 2-propanol (anhydrous 99.5%) were from Sigma
Aldrich Company. MAI was from Dyesol Company. Pbl2 beads were dissolved in DMF at 75
°Cto get 1M solvent. MAI was dissolved in 2-Propanol to get 0.25M solvent. 80 uL Pblz solvent
was spin coated on the substrate, which was treated with plasma before. Then the sample was
annealed at 100°C for Smin and 400 uL MAI solvent was spin coated on the Pblz layer. After
that, the sample was sealed in the sample chamber in the glovebox. The sample chamber was
transferred into the oven and connected to the solvent chamber and N2 gas. Next, the hotplate
and gas flow were open. The sample was annealed at 110 °C for 45min with a constant gas flow
of 10 cm®/min. For SVAA sample, it was annealed under DMF vapor with N2 gas in the first
30min.

For GIWAXS measurement, samples were put in the chamber, which is shown in Figure 3(a).
The chamber was placed on a holder, which could be heated. The annealed temperature for
GIWAXS measurement is 120 °C. The reason is that the chamber for GIWAXS measurement
is quite thick and the actual temperature in the chamber is below 120 °C, around 110 °C. In-situ
GIWAXS measurements were performed at SAXS/WAXS beamline at Australian synchrotron.
The X-ray energy is 11 keV with an incident angle of 0.22°. The scattered X-ray was detected
by a 1M Pilatus detector positioned 36 cm behind the sample. Measurements started when the
holder reached 120°C. A customized version of NIKA software based on Igor Pro from
WaveMetrics was used to analysis the data.[!]

SEM images were taken by Zeiss Leo 1530 scanning electron microscope with field emission
gun. The perovskite films were sputtered with a thin platinum layer before observation. The
accelerating voltage for electrons is 3kV. The grain sizes of perovskite crystals were obtained
from the SEM images with the help of Image J.

S2: Estimation of Solvent Concentration in Chamber
The Clausius-Clapeyron relation shows the vapor pressure change along with temperature:(?!
AH 1 1
ply _ Zvap - 2
Px R Ty Ty
Py or px is the saturated vapor pressure at a given temperature 7x or 7y. 7 is the temperature. R
is the gas constant (8.3145 J-mol!-K™). AHy,p, 1s the specific evaporation enthalpy. For DMF,

AH,,,= 46.7 kJ/mol. The vapor pressure at 293.15 K is 3.77 hPa.*+*! With these, the vapor
pressure of DMF at a specific saturation can be calculated. The actual vapor pressure at
temperature 7y with a specific saturation is:

p = sat% * py

. . 14 . .
Then based on ideal gas concentration: n = Z—T,[z] we can get DMF concentration in the chamber:

p

—n—
“TVTERT
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S3: SVAA Setup

Figure S1: (a) The image of the solvent annealing setup shown in Figure 1(b). In the green circle, they are
two flow controllers. In the blue circle, it is the solvent bubbler. In the red circle, it is the sample chamber.
(b) The SVAA setup for GIWAXS measurement.

S4: XRD Patterns of Perovskite Films

10 25 30 35 40

DMF concentration:
n h 2.2 x 10° mol/cm®

1 6 X 10 mol/cm

L

1 a 1 " [l i 1 " L

1.3 % 10° mol/em®

Intensity
1

I\)IAPIc;I3 pattern

R B N .||‘. L
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Figure S2: XRD patterns of the perovskite film annealed under DMF vapor. It shows full conversion into
MAPbI; after SVAA.
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S5: Morphology of Perovskite Films Annealed under High DMF Vapor

perovskite film

BTy

Figure S3: Films annealed with the following condition: DMF concentration = 3.8x10° mol/cm?
(Temperature of oven = 90 °C, DMF saturation = 75%) (a) Image taken during the solvent vapor annealing
process (b) SEM image of the perovskite film after solvent vapor annealing.

S6: GIWAXS Patterns of Reference Samples
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Figure S4: 2D-GIWAXS patterns of (a) Pbl,, (b) MAIL (c) MAPbI;. The peak at 4.0 nm™' comes from the
kapton film before the detector.
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S7: Time-Evolution of GIWAXS Pattern

(a) Heat anneal (b) Solvent anneal
——45min
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Figure S5: Azimuthally integrated intensity plot of the GIWAXS patterns in the range Q = 6.85 - 7.10 nm™.
The typical MAI peak locates in this region.
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S8: GIWAXS Patterns of Sample Annealed with DMF Vapor
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Figure S6: Azimuthally integrated intensity plot of the GIWAXS patterns with different incident angle: 0.15°,
0.3°, 0.6°. These data were taken at the 10min during SVAA with DMF concentration of 1.8x10° mol/cm?.
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9.2 Abbreviations

9.2 Abbreviations

BCP: Bathocuproine

CPD: Chemical potential difference

DFT: Density function theory

DMF: Dimethylformamide

DMSO: dimethyl sulfoxide

EQE: External quantum efficiency

ETL: Electron transport layer

FA: Formamidinium

FF: Fill factor

FTO: Fluorine-doped tin oxide

GBL: y-butyrolactone

GIWAXS: Grazing incidence wide-angle X-ray scattering
HTL: Hole transport layer

ICBA: Indene-C60 bisadduct

IPA: Isopropanol

IPCE: incident photon-to-electron conversion efficiency
ITO: Indium tin oxide

J-V: Current density-voltage

Jmp: Current density at the maximum power point
Jse: Short-circuit current

KPM: Kelvin probe microscopy

MA: Methylammonium

MALI: Methylammonium iodide

OMHP: Organo metal halide perovskite
PCBM: Phenyl-C61-butyric acid methyl ester
PCE: Power conversion efficiency

PL: Photoluminescence

PMMA: Polymethylmethacrylate

PPCBM: PCBM grafted polymer

PSC: Perovskite solar cell

PTAA: Poly(triaryl amine)

PTIR: Photothermal induced resonance
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9.2 Abbreviations

Spiro-OMeTAD: 2,2',7,7' - Tetrakis[N,N-di(4-methoxyphenyl)amino] - 9,9' — spirobifluorene
SVAA: Solvent vapor assisted annealing

ToF-SIMS: Time of flight secondary ion mass spectrometry

Vmp: Voltage at the maximum power point

Voc: Open circuit voltage

XPS: X-ray photoelectron spectroscopy
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