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ABSTRACT

The perovskite solar cells (PSCs) are the most promising and low-cost novel solar cells permitting
in 2021 reach over 25 % efficiency, which makes them a very good alternative to silicon solar cells,

commonly used on house roofs.

The presented thesis is based on a series of seven original papers, focused on charge transport
dynamics in the PSCs, published in the following journals: ACS Chemistry of Materials,
ACS Applied Materials and Interfaces, Chemistry-A European Journal, The Journal of Physical
Chemistry C, RSC Advances, Physical Chemistry Chemical Physics and Synthetic Metals.

Over the period of realization of the presented research work, at the Faculty of Physics, Adam
Mickiewicz University, Poznan a perovskite fabrication facility has been developed that allowed
reaching 18 % efficiency of PSCs in 2021.

The presented doctoral dissertation concerns investigation of perovskite materials of different
degree of complexity, from simple MAPDI;, through (FAPDbI3)oss(MAPbBr3)o.15,
up to FAo6MA016Cs00sPb(los1Broig)s composition (where MA - methylammonium,
FA — formamidinium). Apart from the perovskite compositions, various synthesis conditions were
also studied. Precursor solutions were modified by using a variety of MAI:Pbl, molar ratios
and different N,N-dimethylformamide:dimethylsulfoxide (DMF:DMSO) ratios. The synthesis
conditions considered were: open air (with the presence of humidity and oxygen) and dry box.
PSCs of different structures were used, that is normal mesoporous ones and planar inverted ones.
Different hole and electron transporting materials were characterized and their performances
in PSCs were compared, i.e., 2,2’,7,7-tetrakis-(N,N-di-4dmethoxyphenylamino)-9,9’-
spirobifluorene  (spiro-OMeTAD),  2,2’,7,7 -tetrakis(N, N-di(4-methoxyphenyl)amino)-spiro-
(fluorine-9,9’-xanthene)  (X60),  poly(3,4-ethylenedioxythiophene:polystyrene  sulfonate)
(PEDOT:PSS), different quality TiO,, phenyl-C61-buteric acid methyl ester (PCBM),
2,7-bis(diphenylphosphoryl)-9,9’-spirobifluorene (SPPO16) and N,N’-dipentyl-3,4,9,10-perylene
dicarboximide (PenPTC). The above variations allow investigation of charge transport
in perovskite materials with different modifications and containing selective transporting materials
of different quality or chemical compositions. The changes in the PSCs induced by physical, instead
of chemical, interactions were also examined, e.g., the effects of application of potential bias
or additional 1Sun illumination in the experiments. The experiments were conducted in complete
PSCs (in the last paper even including gold electrodes) by time-resolved laser spectroscopy,

sometimes in incomplete cells (without particular layer or layers) as reference samples.



The methods applied in the studies included femtosecond transient absorption, picosecond
to nanosecond time-resolved emission and electrochemical impedance spectroscopy. The processes
were monitored in the time scale from femtosecond to second. The methodologies of using
the above techniques to get information relevant for understanding PSCs operation were proposed.
Moreover, correct assignment of transient absorption signal in perovskite material and its proper

interpretation is also presented in the thesis.

The undertaken research work was aimed at characterization of the electron and hole dynamics
in different composition perovskite material, determination of the effects of preparation conditions
on solar cells operation, evaluation of the influence of different hole or electron transporting
materials (including those in normal and inverted configuration) on the charge transfer in PSCs,

and the correlation of the macroscopic parameters of the PSCs with ultrafast processes dynamics.

Study of perovskite material layers showed that the best quality layer exhibits the best photovoltaic
performance and the fastest photoexcited charge carriers decay due to the fastest interfacial charge
transfer. For example the cell made with a mesoporous TiO; layer of ~200 nm in thickness
(30-nm-size nanoparticles) exhibiting the highest efficiency of ~18 % and relative photocurrent
~100 % (all absorbed photons converted into electrons in the short circuit conditions) showed faster
electron injection than the PSCs with a thicker layer made of smaller nanoparticles, efficiency
about 11 % (relative photocurrent ~70 %) and with poorer homogeneity (thickness ~350 nm,
18 — 20 nm nanoparticles size). Electrons in the cell with selective transporting material most often
used in inverted cells, PCBM, are extracted faster (first order rate constant of the charge decay
k,=0.61 ns") than in those with alternative materials such as PenPTC (k,=0.44 ns') or SPPO13
(k,=0.33 ns'). However, sometimes a desired fast charge injection can be accompanied
by unwanted charge recombination. Investigation of the selective charge carrier transporting
materials has revealed that in X60 cells both, holes extraction and interfacial recombination,

are faster than in the commonly used in normal PSCs spiro-OMeTAD.

The asymmetry in the charge transfer between electron and hole transporting materials in the PSCs
was revealed owing to the selective probing of different interfaces. Photoinduced spectral
and kinetic changes were observed for perovskite close to TiO/perovskite interface. The applied

voltage close to open circuit potential causes retardation of charge injection.

The presented work contributed to understanding of charge transport in perovskite solar cells

and might help to understand and further develop non-carbon-emissive electric current sources.
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STRESZCZENIE

2

Perowskitowe ogniwa stoneczne (perovskite solar cells — PSC) sa najbardziej obiecujacymi, nowymi
uktadami fotowoltaicznymi o niskich kosztach produkcji, ktére osiggajety w 2021 roku
certyfikowana wydajno$¢ przekraczajaca 25 %. Co czyni je bardzo dobrg alternatywa

do powszechnie stosowanych na dachach ogniw krzemowych.

Niniejsza rozprawa doktorska jest oparta na serii siedmiu oryginalnych publikacji naukowych
skupionych na dynamice transportu tadunkéw w ogniwach PSC, ktore opublikowane zostaty
w nastepujacych czasopismach: ACS Chemistry of Materials, ACS Applied Materials and
Interfaces, Chemistry-A European Journal, The Journal of Physical Chemistry C, RSC Advances,
Physical Chemistry Chemical Physics 1 Synthetic Metals.

W ramach prowadzonych badan, stworzone zostato zaplecze chemiczne do wytwarzania ogniw
perowskitowych na Wydziale Fizyki Uniwersytetu im. Adama Mickiewicza, co przyczynito

sie do zsyntetyzowania w 2021 roku ogniw o wydajnosci siegajacej 18 %.

Tematyka przedktadanej rozprawy doktorskiej tgczg badania materiatu perowskitowego o rdéznej
ztozonosci, od najprostszej formy MAPDI;, poprzez (FAPDI)oss(MAPbBr3)0.15, aZ do mieszanki
FAo76MA0.16Cs0.0sPb(o.51Bro.19)3 (gdzie, MA — metyloamina, FA — formamidyna). Oprocz sktadu
perowskitu, przeanalizowane zostaly rozne warunki syntezy. Roztwoér prekursorow
byt modyfikowany poprzez uzycie rdéznego stosunku molowego MAIL:Pbl,, a takze roznego
stosunku N, N-dimetyloformamidu (DMF) do dimetylosulfotleneku (DMSO). Co wiecej,
zmieniane byly warunki, w ktorych odbywa sie synteza, np. ogniwa byly wytwarzane
w warunkach panujacych w laboratorium (w obecno$ci wilgoci i tlenu) oraz wewnatrz suchej
komory rekawicowej. Ponadto, analizowane byly ogniwa o réznych konfiguracjach, tj. normalne
zZ warstwg mezoporowatg oraz o odwroconej konfiguracji planarne. Scharakteryzowane
oraz poroOwnane ze sobg zostaly rozne materiaty transportujace dziury 1 elektrony, np. 2,2’,7,7’-
tetrakis-(N, N'-di(4-metoksyfenylo) amino)-9,9’-spirobifluoren (spiro-OMeTAD), 2,2’,7,7’-tetrakis-
(NN, N'-di(4-metoksyfenylo)amino)-spiro-(fluoreno-9,9’-ksanten)  (X60), poli(3,4-etylenodioksy-
tiofen:siarczan(VI) polistyrenu) (PEDOT:PSS), TiO, o r6znej jakosci, ester metylowy kwasu [6,
6]-fenylo-C61-mastowego (PCBM), 2,7-bis(difenylofosforylo)-9,9’-spirobifluoren (SPPO16) oraz
imid kwasu N, N-dipentylo-3,4,9,10-perylenowego (PenPTC). Powyzsze modyfikacje pozwolity
na badania transportu tadunkéw w materiatach perowskitowych z r6znymi zmianami oraz w
obecnos$ci materialéw selektywnie transportujacych tadunki o réznej jakoSci lub strukturze
chemicznej. Niezaleznie od zmian chemicznych, wprowadzone zostaly rowniez zmiany fizyczne
w PSC poprzez przytozenie napiecia lub o$wietlanie dodatkowym $wiattem (1Sun) w trakcie
eksperymentéw. Dos$wiadczenia  czasowo-rozdzielczej  spektroskopii  laserowej  bytly

przeprowadzane w petlnych ogniwach PSC (w ostatniej publikacji takze ze ztotymi elektrodami)



lub niekiedy dla pomiaréw kontrolnych, w niepelnych ogniwach (z pominieciem jednej warstwy
lub kilku warstw).

Badania byly oparte gtéwnie na technikach czasowo-rozdzielczych, tj. femtosekundowej absorpcji
przejsciowej, czasowo-rozdzielczej emisji w zakresie od pikosekund do nanosekund
oraz elektrochemicznej spektroskopii impedancyjnej, umozliwiajacych obserwowanie procesOw
w skali czasow od femtosekund od sekund. W celu uzyskania poprawnych informacji dotyczacych
dziatania ogniw perowskitowych, zostata zaproponowana metodologia badan przy uzyciu wyzej
wymienionych technik. Co wiecej, w niniejszej rozprawie doktorskiej zostat zaprezentowany
szczegbtowy opis sygnatow absorpcji przej$ciowej w materiale perowskitowym oraz ich dogtebna

analiza.

Gtownymi celami prezentowanej rozprawy byto: zbadanie dynamiki transportu elektronéw oraz
dziur w réznych mieszankach perowskitowych; zbadanie wptywu warunkéw, w ktorych
s3 przygotowane warstwy, na dziatanie ogniw stonecznych; zbadanie wptywu r6znych materiatow
selektywnie transportujacych dziury lub elektrony na transport tadunku w ogniwie (wlaczajac
te w normalnej jak 1 odwroconej konfiguracji) oraz korelacja parametréw makroskopowych

ogniwa PSC z dynamikg ultraszybkich procesow.

Badania materiatu perowskitowego pokazaty, ze warstwy o najlepszej jakosci daja najlepsze
parametry fotowoltaiczne oraz najszybszy zanik wzbudzonych tadunkéw poprzez najszybszy
transport fadunkow na ztaczach. Dla przyktadu, ogniwo z mezoporowatg warstwa TiO, o grubosci
~200 nm (i nanoczastkach 30 nm) wykazujace najlepsza wydajnos¢ ~18 % oraz wzgledny
fotoprad ~100 % (wszystkie zaabsorbowane fotony konwertowane sa na elektrony w warunkach
zwarcia ogniwa) wykazywaty szybsze wstrzykiwanie elektronow od ogniw z grubszg warstwa,
zbudowang z mniejszych nanoczastek o wydajnosci okoto 11 % (wzgledny prad ~70 %)
oraz o gorszej jednorodnosci (grubos¢ ~350 nm, 18 — 20 nm nanoczastki). Elektrony w najbardziej
powszechnym materiale w odwroconych ogniwach PSC — PCBM sa ekstrahowane szybciej (stata
czasowa pierwszego rzedu zaniku tadunkéw k,=0.61 ns™) niz w ogniwach z jego alternatywami:
PenPTC (£,=0.44 ns') lub SPPO13 (£,=0.33 ns'). Jednakze, niekiedy pozgdanemu szybszemu
wstrzykiwaniu tadunkow moze towarzyszy¢ niechciana rekombinacja tadunkow. Badania
nad materiatami selektywnie transportujacymi tadunki ujawnity, ze w ogniwach z X60 ekstrakcja
dziur jak i rekombinacja na ztgczu s3 szybsze niz w najbardziej powszechnym materiale

w normalnej konfiguracji PSC — spiro-OMeTAD.

Asymetria w transporcie tadunkéw na ztgczach z materiatami transportujacymi elektrony i dziury
zostata zaobserwowana poprzez selektywne sondowane odpowiedniego ztgcza. Fotoindukowane
spektralne 1 kinetyczne zmiany zostaly zaobserwowane dla perowskitu blisko zlacza
TiO,/perowskit. Przylozenie napiecia bliskiego napieciu obwodu otwartego powoduje

spowolnienie wstrzykiwania fadunkow w ogniwie.

11
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Zaprezentowane w niniejszej rozprawie doktorskiej badania przyczynily sie do zrozumienia
transportu tadunkéw w perowskitowych ogniwach stonecznych oraz moga pomdc w zrozumieniu

1 dalszym rozwoju nieemisyjnych zroédet energii elektryczne;j.
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AIMS OF THE THESIS
|

The overriding aim of the thesis was explanation of the charge carriers dynamics in perovskite

solar cells (PSCs) with different modifications in the perovskite material, different selective

transporting materials or different architectures of the cell. Realization of this aim requires

the following:

1.

Characterization of the electron and hole dynamics in perovskite materials of different
compositions.

Determination of the preparation conditions’ effects on solar cell operation.

Evaluation of the effects of different hole or electron transporting materials (including those
in normal and inverted configurations) on the charge transfer in PSCs.

Investigation of the complete PSCs in the conditions the closest possible to the standard
Sun illumination (with applied voltage under Sun illumination).

Correlation of the macroscopic parameters of PSCs with the ultrafast processes dynamics.
Correct assignment of transient absorption signals of perovskite materials and their proper

interpretation.

17
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1 INTRODUCTION

o

1.1 ENERGY CONSUMPTION

In the 21* century we are facing probably the one of the most difficult challenge of the whole
history of humankind — the global warming. We have to change the way we used to live over
centuries or find new technological solutions to apply in everyday life. The report by The
Intergovernmental Panel on Climate Change (IPCC) in 2021 clearly indicates that immediate and
profound decrease in greenhouse gases emission and also removal of excess CO, from the air is
necessary to pull back global warming [1]. The most greenhouse gases emitting sector, responsible
for about 73 % of total emission is the energy use (including energy use in buildings — 17.5 %,
transport — 16.2 % and industry — 24.2 %) [2]. The non-renewable sources (gas, oil, coal) have been
dominating electric energy generation up to now [3]. However, scientists predict that in 2050

another energy source will be prevailing — the Sun.

1.2 PHOTOVOLTAICS

Although the first patents of devices called “solar cells” were published at the end of 19®
century [4]-[6], true bloom of photovoltaic (PV) technology took place in 1950s after the Bell Labs
demonstrated the first practical silicon solar cell [7]. Over the years, new PV technologies have
been developed that can be grouped in three generations, shown in Figure 1, with indicated record
efficiency values collected by National Renewable Energy Laboratory (NREL) [8]. The
1 generation group contains single-crystal cells, the above-mentioned silicon (c-Si) and gallium
arsenide (GaAs) based ones, reaching the highest efficiency in the PV. Due to very high price of
fabrication of highly pure crystals, the 2" generation was developed, with the absorbing materials
much thinner than in the 1% generation cells, however, showing lower efficiencies. This group
contains copper indium gallium diselenide (CIGS), cadmium telluride (CdTe) and amorphous
silicon (a-Si). Recently, the greatest fuss in the PV world has been caused by the youngest
generation of solar cells, the 3™ generation, which includes the so-called Emerging PV group. It
comprises the dye-sensitized (DSSC), perovskite (PSC), organic (OPV), inorganic (CZTSSe) and
quantum dot (QD) solar cells. The use of very cheap and easily available materials, when compared
to those used in previous generations make this group very promising in PV world, especially the

perovskite solar cells, which demonstrate outstanding 25.7 % record efficiency [8].
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Figure 1 Photovoltaic cells generations and its efficiency records [8).

1.3 PEROVSKITE SOLAR CELLS

1.3.1 Perovskite Material

Perovskite solar cells took their name from the crystallographic structure of their absorbing
material with the generic formula ABX3 and the unit cell presented in Figure 2. In the most
common PSCs, positions A (corners of the unit) are occupied by large organic cations like
methylammonium (MA*), formamindinium (FA*) or small metal cation like cesium (Cs*) while
positions B (making an octahedral shape surrounded by 4 A ions) are taken by inorganic cations
like lead (Pb**), tin (Sn?*) or rubidium (Rb?*). Position X (at the center of the octahedron) hosts
halogen anions like iodide (I"), chloride (CI") or bromide (Br") [9].

ABX3
“ A organic cations, Cs*
“ B Pb**
o X halides: I', CI', Br’

Figure 2 Perovskite crystal unit cell structure with indicated exemplary ion positions.

At the beginning of PSC development, the most common perovskite was methylammonium lead

iodide (MAPDI;). Later on, different mixtures of the above ions were introduced to change
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optoelectronic properties of this material [9]. As presented in Figure 3, incorporation of bromide
anion in MAPDI; structure causes an increase in the perovskite bandgap, which leads to a blue-shift
of the absorption edge and the fluorescence band [10]. Analogous findings have been reported for
FAPDI; [11]. Incorporation of small amounts of MA and Br ions into FAPDI; stabilizes the proper
for perovskite a-phase at ambient temperature and provides higher tolerance of humidity [12]. The
perovskite of the ratio (FAPDbIs)ss(MAPDBr3)01s was shown to have the optimal composition
leading to a new record of PSC efficiency of 17.9 % in 2014 [13]. Further incorporation of small
cesium cation to the optimized formula, to get the co-called triple-cation:
FA76MA.16Cs0.0sPb(lo.51Bro.19); makes the perovskite humidity resistant and less susceptible to
structural impurities [14], [15]. Tin or bismuth have also been used in order to reduce toxicity and
rubidium to enhance charge mobility [15]-[17]. It shows that perovskite material is very versatile
and can be modified to meet different needs. However, perovskites without lead show low

photovoltaic efficiency when applied in solar cells [18].

(A)

Absorbance (a.u.)

Figure 3 Absorption spectra (4) and images of obtained layers (B) of MAPb(I,..Br.)s with different iodide to bromide ratio.
Adapted with permission _from [10]. Copyright 2013 American Chemical Society.

Perovskite material properties are very intriguing as they combine soft mater with solid state
physics not only for application but also for basic research. In particular, the optoelectrical
properties of perovskite materials are unique. These materials show a strong optical absorption and
their bandgap is highly prone to adjustment. Moreover, perovskite material is characterized by long
charge carrier diffusion lengths, high carrier mobility, ambipolar charge transport properties, low
exciton binding energy and high tolerance of defects [19], [20]. It is also worth mentioning that

perovskite material is not only used in solar cells but also in light emitting diodes (LEDs) and lasers

[21].



1.3.2 Solar Cell Structure

The first report about the solid-state perovskite solar cells appeared in 2012 and the cell
efficiency obtained by the authors was 10 % [22], [23]. Since the appearance of this report, PSCs
have been attracting tremendous attention of scientists around the world, resulting in an increase

in the efficiency of up to 25.7 % in 2021 [8].

The most common PSCs configurations are shown in Figure 4. In all of them perovskite is
sandwiched between selective transporting materials: hole (p-type, HTM) and electron (n-type,
ETM) layers. Additionally, electrons and holes are collected from the HTM or the ETM by
transparent conductive oxide (TCO) or a metal layer (electrode) [24]. Two main configurations can
be distinguished: normal (formal, n-i-p type, Figure 4 top) in which electrons are transported to the
TCO and holes to metal electrode and inverted configurations (p-i-n type, Figure 4 bottom) where
electrons go towards metal electrode and holes in the opposite direction, respectively. Besides,
materials of two different transporting structures are used: planar (Figure 4 left) and mesoporous
(Figure 4 right) [24].

ETM
TCO TCO
NORMAL PLANAR NORMAL MESOPOROUS
electrode electrode
ETM ETM

TCO TCO
INVERTED PLANAR INVERTED MESOPOROUS

Figure 4 The most common perovskite device configurations: normal planar and mesoporous (top) and inverted planar

and mesoporous (bottom). TCO — transparent conductive oxide, ETM/HTM — electron/hole transporting material.

Figure 5 presents the energy levels of the conduction (CB) and valence (VB) bands (in solids) or the
lowest unoccupied (LUMO) and highest occupied (HOMO) molecular orbitals (in molecules)
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of several different materials commonly used in the PSCs. The levels are shown for the TCO
materials in first section from the left, followed by the ETMs, MAPDbDI;, the HTMs and metal
electrodes that are plotted at the very right.

il |
|
-
2k -1.8 |
|
-2.5
=3 F 2.9 |
- o e
< < )
> Qo & =33 @
= 8 = &
: M= 2E o
-—r = = - A
o B §ER M
; ] o cg % (=W A !
& ¢ = = -5.0] Au
T 5.1 5, O 5.1 = 59 5251 57 j
5 ; 5.4-5.4p0 53 753
(. |
|
i III 'I i
i |
sk |
|

Figure 5 Energy levels of conduction (CB) and valence (VB) band (in solids) or lowest unoccupied (LUMO) and highest occupied
(HOMO) molecular orbital (in molecules) of several different materials used in the PSCs. First section from left — TCOs, — ETMs,
MAPbI;, HTMs and the metal electrodes. Taken from [25]. Copyright © 2021, Youke Publishing Co., Ltd.

The TCO layer

The role of the TCO layer is to transport electrons or holes from ETM or HTM to the circuit.

The most common TCO layer in the normal configuration is fluorine doped tin oxide (FTO),
deposited on glass substrate called the FTO glass. In the inverted structure, indium tin oxide (ITO)
on top of glass or even poly(ethylene terephthalate) (PET) foil is also used [26]. However, the FTO

has several advantages over ITO such as higher conductivity, better thermal stability and lower

costs of production [27].

The ETM layer

The purpose of the presence of the ETM layer in PSC is to extract electrons from the perovskite,
separate active material from the electrode, create potential barrier and thus, block the hole
transport to the electrode. In the inverted structure, it encapsulates the cell and protects from

moisture and air. Also it is a substrate for perovskite formation in the normal cell architecture [28].



The most popular ETM in the normal planar structure is a dense, uniform titanium (IV) oxide
(TiOy) layer. However, there are many other ETMs used in PSC such as ZnO, SnQO, [28]. In the
inverted structure, the most popular ETM is fullerene derivative phenyl-C61-buteric acid methyl
ester (PCBM). Simpler, pristine fullerene Ce is also known as a very good ETM material [26].
Usually, on top of these two materials a very thin blocking layer of bathocuproine (BCP) is
deposited [29].

In the normal cell architecture a mesoporous layer is deposited on top of the planar, metal oxide

layer and it contains nanoparticles of the same metal oxide — usually TiO, [28].

The HTM layer

The HTM layer is mainly responsible for hole extraction and transport from the perovskite to the
electrode. Additionally, it creates an energy barrier and prevents the electron transfer throughout
HTM to the electrode as well as isolates the perovskite from the electrode. It helps to increase the
open circuit voltage (V,.) when the energy level of the highest occupied molecular orbitals (HOMO,
in molecules) or the valence band (VB, in solids) is well matched to the perovskite valence band.

In the normal structure it also encapsulates a cell [25].

Usually, in the PSCs of normal architecture (planar and mesoporous) organic 2,2’,7,7’-tetrakis-
(V, N-di-4methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD) is used as the HTM. Due
to a low hole mobility (only 2 x 10*cm?V's?) [25] in this structure, two common additives are
used. Bis(trifluoromethane)sulfonamide lithium salt (Li-TFSI) in the accompaniment of 4-tert-
buthylpyridine (tBP), which increase Li-TFSI solubility, is added to increase the hole mobility by
the presence of Li* ions [25]. There are several more organic HTMs used (mostly in inverted
architecture) like  poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA), poly(3,4-
ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS) and poly(3-hexylthiophene-2,5-
diyl) (P3HT). Inorganic HTMs such as Cu,O, CuSCN, Cul, NiO, MoS; are also used [25],[29].
Many other HTMs are synthesized every year in order to find better replacement for

spiro-OMeTAD (without additives, cheaper and/or increasing efficiency of a cell).

The metal electrode layer
The electrode laying on top of a cell is in most cases made of gold due to its low work function
(-5.1 eV). Additionally, gold as a noble metal does not create oxide layer or reacts with other layers

in PSCs [21]. In the inverted structure an aluminum electrode is sometimes chosen [26], [29].

23



24

1.4 PSCS OPERATION

1.4.1 General description

As mentioned in the previous section, the PSC operation, from the general point of view,
can be simply presented as in Figure 6. Upon illumination, electrons are generated in the optically
active perovskite material, and then are transported towards the photoanode (ETM, TCO) and
leave holes behind [30]. The latter are transported in the opposite direction, towards the cathode
(HTM, gold). In this way, electric current is generated in the circuit. In an ideal cell, without energy
dissipation, efficiency of each process would be equal to 100 %. However, from time-resolved point
of view, charge dynamics is very complex and its description and then minimization of energy loses

are ones of the most important parts in the PSCs development.

A)

current (

time (s)

Figure 6 Schematic picture of the PSC operation.

Absorption of a photon, in a perovskite material occurs in a volume dependent on the penetration
depth (dpenetration) at which the light intensity decreases to 1/¢ (about 37 %) of its initial incident
value [31]:

1
dpenetration W= m (1

Where a — absorption coefficient of perovskite material for a particular wavelength.



In literature, the penetration depth of FAq76MA¢.16Cso.0sPb(Io.s1Bro.10); material, for the wavelength
equal to 450 nm is almost 7 times shorter than that for the wavelength of 700 nm [32]. However,
for the wavelength of 450 nm it is only 50 nm, so photon absorption in the whole spectrum occurs
mostly close to the front perovskite interface. Transport of electrons and holes is governed by
diffusion and also partially, by the driving force created on the perovskite interfaces by the ETM
and HTM work functions. In this process (charge transport) electrons and holes can meet
impurities, ion vacancies, dislocations or grain boundaries in the perovskite layer that increases the
probability of charge recombination competitive to injection of a charge carrier to ETM or HTM
[33]. Illumination or applied potential can lead to ion migration which causes different perovskite
composition segregations (e.g., in double halide perovskite) or ion rearrangement (in triple-cation
perovskite) in perovskite mixes [34]. Also, ion movement as well as trap states on titania surface is
taken as one of the reasons why the so called current voltage hysteresis is observed in the PSCs.
Such a hysteresis is manifested as the higher maximum power for the reverse than forward voltage

scan (described in Section 3.1.1).

1.4.2 Time domain description

In the research presented in this thesis pulse laser techniques were used to study charge
carrier dynamics. The laser perturbation conditions are different than those related to constant
(1Sun) radiation, e.g., local charge density can be several orders of magnitude higher than under

normal solar cell operation.

The charge carrier transport dynamics studied upon pulse excitation can be divided into two stages.
The first is the dynamics of the charges in the perovskite material and the second is the dynamics

after charge injection into ETM or HTM.

Figure 7 shows schematically what happens after light absorption in the perovskite material. After
excitation (femtosecond time scale), an electron from the valence band (VB) is promoted to the
conduction band (CB). When the energy of the quantum of light is bigger than the bandgap of the
perovskite material, hot electrons and holes relax to the conduction and valence band minima
(Figure 7A) via electron-phonon interactions [35]. After this process is finished (in about 1 ps),
electrons and holes occupy minima of the respective bands. At that point several processes can
occur. Electrons can repopulate the valence band by recombination with holes by trap-states in the
perovskite crystal structure (Figure 7B, first order process), by band-to-band radiative transition
(Figure 7D, second order process) or by Auger three-molecular process (Figure 7E, third order
process). In a perovskite sandwiched between ETM and HTM, the electrons and holes can also be
injected into them (Figure 7C, first order process), which is essential for proper operation of solar

cell and is highly desirable to be as efficient as possible [35], [36].
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Figure 7 Schematic illustration of the processes taking place after absorption in the PSCs. A — Absorption and charge cooling, B —
recombination by trap states, C — charge injection into ETM/HTM, D — radiative band-to-band recombination, E — Auger
recombination. CB — conduction band, VB — valence band, LUMO — lowest unoccupied molecular orbital,

HOMO — highest occupied molecular orbital.

All of above processes have impact on the number of excited carriers (#) at the particular time point

(9), which is described by the formula [37]:

S = —kyn — kyn? — kyn® )

ki = kqrec + kq inj (3)
Where: k1, k2, ks — first, second, third order processes rate constants, k1 ..— first order recombination rate, k1 ;,;— first order

injection rate

It shows that at low light intensity, recombination by trap states and injection (if ETM or/and
HTM is/are present) mainly govern the time changes of the excited charge carrier density. With
increasing excitation light intensity, higher order recombination processes occur, dominating the
carrier dynamics. However, under the cell working condition (1Sun illumination), the second order
processes are negligible [38]. The above equation is simplified and does not describe fully what is
happening in PSCs because it does not take into account the diffusion process as well as

reabsorption effect, occurring in the perovskite [39], [40].



After injection of an electron into ETM and a hole into HTM, the charge carriers can recombine
at the perovskite interface with excited electron (hole) or excited hole (electron), as shown in

Figure 8, making charge collection less efficient.

Figure 8 Recombination of injected electron (blue ball) and hole (gray ball) with excited hole and electron, respectively.

As described above, charge-involving processes in PSCs take place in different time scales (over 15
orders of magnitude). Figure 9 collects the most important processes occurring in PSCs in the time

domain, described above.

CHARGE GENERATION

CHARGE TRANSFER/INJECTION ION TRANSPORT

CHARGE TRANSPORT
A\ f \

Y N v J

CHARGE RECOMBINATION

PHOTON ABSORPTION

Figure 9 The most important processes occurring in PSCs. Reconstructed from [35], [36]
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2 SAMPLES

i

2.1 SOLAR CELL CONFIGURATIONS USED IN THE RESEARCH

In the studies described in this thesis, two cell configurations were used, shown schematically
in Figure 10. Normal mesoporous PSCs were used in the studies reported in all papers except the
samples described in the article KPB-3, provided by our collaborators (J. Szeremeta and

K. Wojciechowski from Saule Technologies) whose used the inverted planar structures.

ﬁold

. Q Do C L0 @q.‘..
fcoﬂew&e«?sl‘&‘&% PEDOT:PSS
compact TiO,
FTO glass ITO glass
MESoOPOROUS PSC INVERTED PSC

Figure 10 Solar cell configurations used in the research.

Table 1 collects the most important information about the fabricated layers of PSCs and their

modifications used in the studies reported in each publication.
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2.2 DETAILED FABRICATION METHOD OF THE SAMPLES

A detailed fabrication method of PSC will be presented below in order to enrich usually
short, synthetic description in the articles and to make the synthesis easier for other researchers.
Only the synthesis protocol of the layers used in the most efficient cells are described. This protocol
is mostly based on the recipe reported by Saliba et al. [41]. However, since 2016 many other
synthesis methods have been used in the thesis, but their protocols are easy to reconstruct from the

information provided in the methods section in particular articles and the data presented below.

Prior to PSCs fabrication, it is important to provide chemicals, which should be of the highest
available purity, new or very recently open and kept in glove box in inert gas atmosphere with the
lowest possible H,O content. Working space must be clean and free from dust. Weighing should

also be performed in glovebox as well as whole synthesis of perovskite and HTM layer.

2.2.1 FTO etching

At the beginning, 2.4 x 2.4 cm FTO glass substrates (FTO glass, ~13 Q/sq, Sigma-
Aldrich) were partially etched in order to prevent recombination electrons in FTO layer with holes
in gold electrodes. The etching process is schematically shown in Figure 11. Firstly, the whole
substrate area, except the part (0.4 cm) to be etched was covered with simple nail polish to protect
the FTO layer (Figure 11A). Then, zinc powder (Sigma-Aldrich) was applied on the substrate and
hydrochloric acid (2 M, Sigma-Aldrich) was applied drop-by-drop on top using plastic Pasteur
pipette (Figure 11B). After 15 min it was rinsed with distilled water (Figure 12C) and nail polish

was removed by acetone in ultrasonic bath (Figure 11D).

(A) (B) © (D)
/7 HCl H,0 C;HeO

Figure 11 Stages of the FTO etching: A — nail polish application, B — Zn and HCI deposition, C — rinsing with water,
D — acerone dripping.

2.2.2 Substrates cleaning

The etched substrates were cleaned with toothbrush and diluted detergent (Hellmanex 111
or Trilux, 20 %). Then, they were rinsed with water and cleaned in ultrasound cleaner with distilled
water and detergent (2 %), pure distilled water, acetone and 2-propanol subsequently, for 15 min

each. After that, the substrates were picked one by one using tweezers and, immediately after



taking out of the solution, dried using compressed air gun. Finally, the samples were cleaned by an

UV ozone cleaner for 15 min.

2.2.3 Compact TiO, deposition
Two methods were used for deposition of a compact TiO; layer, i.e., spin-coating and spray
pyrolysis, both shown schematically in Figure 12. Both provide very firm, dense layer, but spray-

pyrolysis provides thinner coating more easily.

(A) (B) ‘

S

spin-cating spray pyrolysis

Figure 12 Schematic presentation of spin-coating (4) and spray pyrolysis (B) method of compact TiO;layer deposition.

Cleaned samples were put on a hot plate (100 °C) for 1 h if the cleaning was not made on

the same day as the compact TiO; layer deposition.

Spin-coated TiO,

In order to prepare titania, the precursor in the form of titanium isopropoxide was diluted in
ethanol (0.5 mL in 4.5 mL ethanol — 0.34 M, Sigma-Aldrich). It is important to add titania
precursor to ethanol keeping the tip of the pipette in the solution. Before deposition, the fragment
of the substrate at the opposite to the etched one was covered with liquid latex or duct tape in order
to protect FTO glass for wire electrode connection from removing conducting layer. A volume of
100 uLL of the precursor solution was spin-coated on the FTO substrates (speed: 2000 rpm,
acceleration: 1000 rpm/s, spinning time: 60 s). After that the substrates were dried at 130 °C for
15 min, then latex was peeled off and the substrates were put in the oven for 30 min at 450 °C

(gradually heated for 40 min), to obtain a 150-nm-thick compact layer.

Spray Pyrolysis
Titanium diisopropoxide bis(acetylacetonate) solution (75 % in 2-propanol, Sigma-Aldrich) was
diluted in pure ethanol (1 mL in 14 mL ethanol, Sigma-Aldrich). In this method the end of the

FTO to be used for electrode connection was protected by metal or glass lamellas on top of a row
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of substrates (usually 8 in 2 rows for 15 mL of the precursor solution), as shown in the Figure 13.
The substrates were heated gradually (for 30 min) on a hot plate up to 450 °C. Then, a spray gun
was used with oxygen as a driving gas. The pressure was set directly prior use for creation of nice
spread of the solution, without bigger droplets (tested with pure ethanol on a sheet of paper). The
precursor solution was sprayed from around 30 cm distance from the substrates, moving very
gently from left to the right and reverse with 30 s pause after the full cycle. Start and end of spraying
should be made outside stacked substrates to avoid making an uneven layer. After the use of the
whole portion of the solution, the samples were heated for next 30 min and then cooled down. The

obtained anatase compact layer was of about 50 nm in thickness.

4

Figure 13 Schematic picture of titania deposition by spray pyrolysis technique.

2.2.4 Mesoporous TiO; deposition

Mesoporous titania layers were obtained from 30NR-D, GreatCell Solar paste diluted 1:6
in ethanol (wt.:wt.). Nanoparticle solution was stirred for minimum 5 h before use. Substrates were
heated for 1 h at 100 °C and cooled down before the deposition. Portions of 100 uL of diluted paste
per a substrate were spin-coated on top of the compact titania layer (speed: 4000 rpm, acceleration:
2000 rpm/ss, spinning time: 10 s), dried for 15 min in 100 °C and put in an oven for 30 min at 500 °C

(gradually heated up for 50 min), to give a 200-nm mesoporous layer.

2.2.5 Perovskite synthesis

Precursor solution preparation recipe for the most efficient perovskite are listed below.

FAyssMA, 1sPb(1,,55Br0.15); and FA, ;6MA, 16Cs0.0sPb(1.5:B1.19)s precursor solutions

Mixed cation perovskite precursor solution was made using following recipe:

1. DMF:DMSO: 4:1 (v:v) mixture of N, N-dimethylformamide : dimethyl sulfoxide
(DMF:DMSO, Sigma-Aldrich)



2. 1.5 M PblI; solution: 1 g of Pbl,(Sigma-Aldrich) dissolved in 1.4409 g of DMF:DMSO

3. 1.5 M PbBr; solution: 1 g of PbBr; (Sigma-Aldrich) dissolved in 1.8100 g of
DMF:DMSO

4. 1.5 M Csl solution: 0.1 g of CsI (Sigma-Aldrich) dissolved in 0.3054 g of DMSO

Pbl,, PbBr; and CsI are hard to dissolve in room temperature. They should be kept in 70 °C with

stirring if possible. To use them in the next steps, they should be cooled down.

5. 1.5 M FAPDI; solution (with 9 — 10 % of Pb excess): 0.2 g of FAI (Sigma-Aldrich)
dissolved in 1.427 g Pbl; solution

6. 1.5 M MAPDBr; solution (with 9 — 10 % of Pb excess): 0.05 g of MABr (Sigma-Aldrich)
dissolved in 0.502 g PbBr; solution

1.5M FAo,ssMAo,lspb(Io,ssBl'o,15)3 final solution: Mixture of FAPbI;:MAPbBr; solution in
85:15 (v:v) ratio.

1.5M FA0.75MA0,15CSo,ost(Io,81Br0,19)3 final solution: Mixture of FAPbI;:MAPbBr;:CslI solution
in 95:19:6 (v:v) ratio.

Deposition

A volume of 50 pL of the precursor solution was deposited on top of the mesoporous layer by
spin-coating (speed: 1000 rpm, acceleration: 120 rpm/s, spinning time: 10s and then speed:
4000 rpm, acceleration: 2000 rpm/s, spinning time: 20 s) with addition of 200 uL of chlorobenzene
as antisolvent at 10 s before the end of spinning. Then, the samples were kept at 110 °C for 1 h to

obtain a dark perovskite layer.

2.2.6 Spiro-OMeTAD deposition

A volume of 50ulL of 2,2°,7,7-tetrakis-(N,N-di-4methoxyphenylamino)-9,9’-
spirobifluorene (spiro-OMeTAD, Sigma-Aldrich) solution (72.3 mg/mL in chlorobenzene) with
29 uL 4-tert-buthylpyridine (tBP, Sigma-Aldrich) and 17.5 uL of bis(trifluoromethane)sulfonamide
lithium salt (Li-TFSi, 520 mg/mL in acetonitrile, Sigma-Aldrich) as additives were deposited on
top of the perovskite layer by spin coating (speed: 4000 rpm, acceleration: 2000 rpm/s, spinning

time: 30 s), to give a layer of around 150 nm.

2.2.7 Gold coating

Before electrode deposition, the substrate end opposite to the etched one (with FTO
connection) need to be cleaned. First of all, mesoporous, perovskite and spiro-OMeTAD layers
were scraped with a razor blade (Figure 14A) and then wiped down with a cotton stick soaked with

a very small volume of DMSO or DMF (Figure 14B). Finally, the remaining scraped pieces
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on the substrates were blown out with dry air. During scraping it is highly recommended to wear

mask to avoid inhalation of toxic substances.

Gold electrodes were deposited by either thermal evaporation or sputtering to a shape provided by

a metal mask (Figure 14C). Such a procedure gave a 70 nm Au layer.

(A) (B) ©) ==

Figure 14 Scraping (A) and cleaning (B) of a cell before deposition of gold electrodes (C)



3 METHODS

5

3.1 BASIC CHARACTERIZATION TECHNIQUES

3.1.1 Current-Voltage Characteristic

The most basic solar cell characterization technique is measurement of the current-voltage
(C-V) characteristics. During the experiment, a solar cell is connected to a potentiostat, which
applies particular potential range in steps and measures the current response of the cell [30].
Figure 15 shows C-V curves obtained in this way. The voltage usually applied for this purpose to

PSCs ranges from 0 to 1.2 V, at a scanning rate 50 mV/s.

(A) (B)
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Figure 15 A — Exemplary current-voltage curve of the PSC with marked characteristic points of the curve. J,. — short circuit current
density, V. — open circuit voltage, Py — maximum power point, J,, — current density of maximum power point, V,, — voltage of
maximum power point, FF — fill factor, n — efficiency of the cell. The graph is reconstructed from KPB-5. B — Exemplary current-

voltage curve of the PSC measured in reverse (blue) and forward (red) scan direction with listed hysteresis index value (HI),

taken from KPB-6.

Four basic parameters are used to describe a C-V curve (exemplary ones are listed in Figure 15A).
The first two are: current density for the applied potential equal to 0 V, i.e., the short circuit current
density (J,), voltage value for open circuit conditions (no current flow) — the open circuit voltage
(V,.). The next one, fill factor (FF), is computed from above two ones and also from the maximum

power point (P,,,) coordinates (J,, and V,,) using the formula [30]:

me
FF = ; - (4)

This value describes ideality of the curve, giving 1 for identical J,,V,, and J.V,. values. For high
quality solar cells it is assumed that FF should be in range 0.6 — 0.9 [42]. The FFis also influenced
(deteriorated) by series resistance (due to cell material resistance) and shunt resistance (from

leakage of current in a cell).
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The most important, the fourth, value characteristic of solar cell is its efficiency (n). It is the
energetic efficiency of conversion of incident light (in whole 1Sun spectrum) into electric current

energy. It could be computed from equation [30]:

_ JmVm
n= P, 5)
or using FF from:
_JscVocFF
== (©)

Where P,is power of incident light, in standard 1Sun (AM1.5) condition, equal to 1000 W/m? [30].

As shown in chapter 1.2, in the best PSCs, % of the Sun energy is converted into the electric current

energy.

Also, as described in Section 1.4.1, PSCs exhibit C-V hysteresis (Figure 15B). It is the difference in
C-V behavior when measured in the reverse direction, from V, to J, point (Figure 15B blue,
standard direction) and in the forward direction, from J, to V,. point (Figure 15B red). The

parameter characterizing the hysteresis effect, called the hysteresis index (HI), is given by [43]:

Hl = ]reverse (%) _]flc/)'rward (%) (7)
Jreverse (%)

v, v, .. v, . .
Where Jyeperse (%) and J¢orwara (%) are current densities at % points for reverse and forward scan, respectively.

The hysteresis in PSCs allows manipulation of the cell photovoltaic parameters by pre-lighting,
scanning rate, starting voltage and scan direction [44]. It is important to measure PSCs in
standardized way i.e., without prelighting, at a slow scan rate 50 mV/s, from a voltage very close
to V,.(usually 1.2 V) in the reverse scan direction. In the best devices the hysteresis index should

be as small as possible.

3.1.2 Incident Photon-to-Current Efficiency (IPCE)

To get more detailed information on the photons into electrons conversion (quantum
efficiency), a technique called the incident photon-to-current efficiency (IPCE) is very helpful. The
basis of the experiment is illumination of a cell with a particular wavelength of known intensity
and measurement of the generated current [45]. The most common presentation of the /PCE data
is the wavelength spectrum as presented in Figure 16. As shown in Figure 16, PSCs are excellent
photon to current converters in the perovskite absorption region, reaching above 80 % efficiency in

the presented example.
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Figure 16 Exemplary incident photon-to-current efficiency spectrum.

3.1.3 Steady-State Absorption Spectroscopy

Another basic technique for characterization of optically active materials is steady-state
absorption spectroscopy. The basis of this technique is measurement of particular wavelength light
intensity with (/) and without (f;) sample simultaneously and computation of absorption values

using the equation [46]:

Abs = —log (%) (8)

In the described experiment an additional integrating sphere was used to collect both passing and

scattered light.

The steady-state absorption spectroscopy is essential in the PSCs characterization for
determination of bandgaps of the perovskite materials (especially perovskite mixes). An exemplary
absorption spectrum of perovskite material (triple-cation) is shown in Figure 17. It is characterized
by a sharp absorption edge around 770 nm and very high absorption in the region of shorter
wavelengths. In NIR region, the interference pattern is dominant, which was a focus of the study
reported in KPB-7. Steady-state absorption was also used to estimate the perovskite layer thickness

in cells.
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Figure 17 Exemplary absorption spectrum of complete cell with triple-cation perovskite. Taken from KPB-7.
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For comparing perovskite materials of various thicknesses, the obtained short circuit current
density can be normalized by the number of photons absorbed by the cell (IV,,), obtained from the
absorption spectrum, multiplied by electric charge e, giving total absorbed photon-to-current

efficiency (TotalAPCE):

]SC

eNph

In the publications (KPB-1, KPB-2, KPB-5, KPB-6, KPB-7), although short circuit photocurrents

TotalAPCE =

©)

and sunlight conversion efficiencies were varied, the TotalAPCE values were close to 100 %, which

supported the generalization of the findings to those for very efficient devices.

3.1.4 Scanning Electron Microscopy

The scanning electron microscopy is an imaging technique based on the use of focused
high-energy electron beam and providing very high image resolution (up to a few nm). In principle,
only electrically conducting samples are measured with this technique. However, if a sample is
nonconductive, a very thin layer (several nm) of metal (usually gold) is deposited on top of it.
Electrons in a beam interact differently with a studied material giving information mainly about its
surface morphology (analysis of backscattered electrons) and differences in material atomic

composition (secondary electrons) [47].

In the presented study, the scanning electron microscopy technique was used in determination of
the thickness of all layers in PSCs (Figure 18A, articles KPB-4, KPB-6, KPB-7) as well as grain size
and layer quality (Figure 18B, publications KPB-3, KPB-5) or gold layer quality (article KPB-7).

» \ e Sl
! ‘\ ) {"
T \(‘— k X f\ 4 g
B A o’ /‘
' } A9 -y
TR gy | _fﬁ
- o S8
N wl ¥ _—_ - o
P g A
f R N -~
& LTS
-y ! \ 1
.’. v - ol
\ Sl ,__./ 3 }"
‘-. .-\ I-ﬁ. L
Pt Tt /o
4 1
O W S o | -
EHT = 200 kv Signal A= inLens  EfEGeds I

WO = 28mm Mag = 2083 KX

Figure 18 Scanning electron microscopy exemplary images cross-section of a cell with indicated layers and their thicknesses using
secondary electrons detection, taken from KPB-7 (A) and perovskite layer from the top obtained from back scattered electrons,
taken from KPB-5 (B).



3.2 TME-RESOLVED TECHNIQUES

As mentioned in Section 1.4.2, the processes contributing to the electric current flow take
place in different time scales from femtoseconds to seconds. Therefore different time-resolved
techniques are necessary for proper investigation of charge transport dynamics. Figure 19 shows a
similar graph as in Figure 9 (Section 1.4.2), presenting three different techniques mostly used in the

presented study with their experimental time windows.

FEMTOSECOND TRANSIENT ABSORPTION ELECTROCHEMICAL IMPEDANCE

A

r A 4 A

N J

v

TIME-RESOLVED EMISSION (TCSPC)

Figure 19 Time scale with marked experimental time widows of used techniques in the research.
3.2.1 Femtosecond Transient Absorption Spectroscopy

Working Principles
The basis of the shortest time range technique used in the presented research, i.e., the transient
absorption (TA) spectroscopy, is monitoring of the absorbance spectrum changes (44) after

excitation pulse (A4, ump) 10 reference to that of an unperturbed sample (4,0 yumy) [48]:

AA(A, 1) = Awitn pump (L t) = Awjo pump (A, ) (10)
As presented in Figure 20, two pulses are involved in the TA experiment. A pump pulse which
excites the investigated optically active material and a probe pulse which is delayed by variable
period of time in relation to the pump one by a motorized delay stage. The pump pulse is a
monochromatic light, while the probe pulse is converted into white light supercontinuum by a
nonlinear crystal. The supercontinuum monitors the changes in the optical absorption spectrum
caused by the pump pulse in wide spectral (VIS: 430 — 830 nm or NIR: 830 — 1600 nm) and
temporal ranges (up to 3 ns, with the instrument response function — IRF — of about 300 fs) [48].

The result of an experiment is a 3D surface of 44 vs time and vs wavelength as shown in Figure 20.
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Figure 20 Scheme of the femtosecond transient absorption setup.

Usually, instead of a 3D surface, the TA data are presented as particular spectra after chosen delay
times in order to show a signal development, as presented in Figure 21. In the VIS range (up to
800 nm), transient absorption signal of PSCs, at the beginning demonstrates charge cooling as a
derivative-like shape of long wavelength steady-state absorption sharp edge. After 1ps, TA
spectrum presents a bleach signal of the absorption edge that decays out of the measurement time
widow. The signals below 550 nm were usually not detected due to a too high absorption of the
probe pulse in the perovskite. In the NIR range, oscillations at thin layers in a cell are present [49],
[50] as well as oxidized spiro-OMeTAD TA signal around 1500 nm [51], [52]. Deconvolution of
these two signals was one of the goals of the study reported in KPB-7.
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Figure 21 Exemplary time evolution of the TA signal in PSCs. The visible and near-infrared regions were collected separately.

Infrared signal is multiply by 10. Build from data published in KPB-7.
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Most of the TA analyzes are performed in the region of the long-wavelength absorption edge bleach
(600 — 850 nm). However, in many TA spectra of perovskites, the additional short-wavelength
bleach appears below 500 nm (Figure 22). Its nature is not clear. The most common interpretations
are that it is related to transitions involving another conduction or valence band [53], [54],
molecular-like charge-transfer transition [55], [56] or contribution from Pbl, [57], [58]. However,
due to very high absorption in this region, only in very thin samples the short-wavelength bleach
could be observed and analyzed (KPB-2, KPB-3). Also, positive TA signal (photoinduced
absorption) in the region between the bleaches is observed and assigned to the changes in refractive

index due to photoexcitation [59]. However, it has not been analyzed by us.
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Figure 22 Exemplary TA spectrum of a PSC affer 5 ps pump-probe delay with marked main spectral features.
Taken and reconstructed from KPB-3.

Signal Processing
The most common TA data analysis method is global fitting. It is a simultaneous fit of decays by
mono- or multi-exponential function in the whole measured spectrum. It can generally be written

as [60]:
_t _t -t
AA(At) =Ae m+Ae 24+ Ae ™ (11
giving a characteristic time constant (z;) and the preexponential factor spectrum (4;(4)) for each
component. Global analysis was performed by Surface Xplorer software using the Singular Value
Decomposition (SVD) procedure [60]. The SVD creates a matrix product AA’ with a set of

eigenvectors (consisting of principal kinetics and spectra):

AA'=UXSXV (12)
Several firsts eigenvectors (with the highest significance coefficient S — singular values, which are

diagonal elements of the S matrix) bring the most important information about the AA surface.
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In the study 2 — 3 first singular value (SV) kinetics were chosen. Then the multi-exponential decay
is fitted only to several principal kinetics, which makes the fit very fast as compared to global fits

made to all kinetics in the analyzed spectral range.

Figure 23A — C presents global fit results for 2-, 3- and 4-exponential function — preexponential
factor spectra, as well as SV kinetics fit quality (Figure 23D — F). In the study simple 2-exponential
decay fitting was mostly used to simply characterize the decays and obtain characteristic times for
two main processes (charge cooling and bleach decay). The 3- and 4-exponential functions were
used for better SV kinetics fitting and to show differences in the dynamics in different bleach
regions. The 2-exponential decay function fitting (Figure 23D) is very poor and it is getting better
with addition of exponential components. However, addition of more exponential decays to the
fitting does not bring additional physical meaning. Also, Burstain Moss effect (described widely in
KPB-3) causes bleach narrowing and shifting with time, so pre-exponential factor spectra for a

higher number of exponential decays present increasingly shifted and narrowed bleaches.
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Figure 23 Exemplary 2- (A), 3- (B) and 4-exponential (C) global analysis results — preexponential factor spectra. 3 SV was chosen.
D-E fit traces for each fitting. Build from data published in KPB-7.



The solution of differential equation (2) for the number of excited carriers after a short laser pulse

is not an exponential function. If only first and second order processes are taken into account, the

solution is given by [61]:

king
13)
ekitk, — kong + efitk,ng

Where, n, is the number of excited carriers at t=0.

n(t) =

Since, the 44 of the bleach describes the repopulation of the valence band (decay of the excited
carriers), the kinetics at the minimum bleach was fitted by equation (13) giving directly the rate

constants of first- and second- order processes, as exemplary shown in Figure 24.
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Figure 24 Exemplary minimum bleach kinetic fitted by function from equation (13). Taken from KBP-3.

However, due to the mentioned above Burstain-Moss effect, the bleach minimum shifts in the

measured time widow (see Figure 25). The band integral (BI), given by [62]:

da
BI(t,AL) = J DA ) — (14)

was used to collect all bleach decay information in one kinetic which represented a wide spectral
range of the signal (marked in Figure 25) and total charge population decay. Analysis of BI signal
as a basis of our study reported in KPB-3 and since then we have been using it in our analysis (it

was also mentioned in supporting information of KPB-2)
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Figure 25 Exemplary TA signal after different pump-probe delay with indicated band integration wavelength range.
Taken from KPB-7.

TA spectroscopy conditions for the PSCs
The PSC transient absorption bleach is very narrow in comparison to those of the molecular

systems studied by TA (e.g., alternative PV devices — DSSCs).

As mentioned above, perovskite material shows very high absorption coefficient above the bandgap
(Figure 17), giving stationary absorbance value at excitation wavelengths (400 — 600 nm) above 1
(90 % absorbed photons). The TA long-wavelength signals in perovskites (~750 nm in the studies
presented in this thesis) has very high amplitude (e.g., in comparison to TA of molecular systems),
enabling fast measurement even for very small energy density (a few of uJ/cm?). Moreover,
experiments in complete cells with a gold layer (as we show in KPB-7) were possible. Such a high
absorption in excitation wavelength range causes that excited carriers are located mostly close to
the reaching interface. This allows almost exclusive investigation of volumes close to the interfaces,
as shown in Figure 26. Thus, photoexcited charge carriers decays are governed mostly by electrons

(when excited from ETM side) or holes (when excited from HTM side).

HTM side ETM side

Figure 26 Sample setup in the TA experiment for the HTM and ETM side.



As written above, the decay of excited carriers in the PSC strictly depends on excited carriers
density (excitation energy, equation (2)). It is important to keep the excitation energy as low as
possible for proper investigation of the first order injection processes. We usually use tens of uJ/cm?
but also as low energy as a few puJ/cm?if we need to minimize the second order recombination
influence. To be able to make comparisons between samples, generation of the same conditions
(the same excitation energy) in a perovskite material is essential. Also, the decrease in the bleach
signal with time observed in PSC is not only caused, as usually for molecules, by photodegradation
but is also a result of changes in the perovskite structure such as e.g., ion segregation. In order to
average the kinetic and spectral changes during TA experiment (from 5 to 40 min, depending on
the number of scans) bidirectional scan mode is used, which means that in every odd scan the delay
line goes from the shortest to the longest times and in every even scan in the opposite direction.
Also very important in the TA analysis of the PSCs is proper statistics, based on a sufficient number
of similar samples checked. Perovskite layer, as we demonstrate e.g., in KPB-7 shows 10 % of
thickness dispersion from one point of the sample to another and from sample to sample. The
general conclusion should not be never based on only one experiment due to very small
femtosecond laser beam focus (250 um in diameter), which permits investigation of a limited
perovskite volume. Therefore, the spread of lifetimes can occur not only between different samples

prepared in the same way, but also between the different probing spots of the same sample.
3.2.2 Time-resolved Emission (time-correlated single photon counting)

Working Principles

Analysis of radiative decay of the excited state by a time-resolved emission technique is also
helpful in the investigation of charge dynamics in the perovskite material. In our emission setup
(based on time-correlated single photon counting detection), under very low intensity of excitation,
maximum one photon is emitted from the sample per excitation pulse (Figure 27A). Time
resolution is obtained by generation of an electric pulse from the optical one obtained from a laser,
which corresponds to time 0, and then the emitted photon is converted in to another electric pulse
by an avalanche photodiode (or photomultiplier tube) and stops the timing circuit. This gives the
delay time of photon emission from the sample after an excitation at a particular detection
wavelength and its result is added to an appropriate channel of time histogram (one of 4096 in our
setup). The experiment is conducted in this way repeatedly until a certain counts in maximum of
the created decay is reached (usually several thousands) [63]. Figure 27B presents exemplary
kinetics for two different excitation powers. Time per channel can be tuned from 0.61 to 12.21 ps
giving a time window from 2.5 to 50 ns (with a laser repetition rate of 4 MHz). This setup was also
used in the stationary mode to measure stationary fluorescence, the obtained exemplary spectrum

of the PSC emission is shown in Figure 27C.
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Figure 27 A — Scheme of the TCSPC setup. B,C — Obtained exemplary PSC emission decays for different excitation energy, taken
from KPB-4 (B) and stationary emission spectrum of PSC, taken from KPB-5 (C).

Signal processing

The decays were characterized by a simple half-lifetime (t,,,), which is a time when the amplitude
of a decay is equal to half of the initial one (publications KPB-4, KPB-5) or were fitted by stretched
exponential function (articles KPB-1, KPB-2, KPB-3, with deconvolution of the instrument

response function), given by [60]:

N
I(t) = Aoe‘(;) (15)
It is a modified exponential function, where g is the diffusion parameter and is equal to 1 when the

decay is monoexponential and to 0 when the signal does not decay at all. It is also possible to

describe many exponential functions by the stretched function (squeezed) with <1 [64].

Averaged decay time (t4y) can be obtained from [60] as:

tave = 5T ([—1;) (16)

Figure 28 shows fitted decays for different emission wavelengths. Moreover in the publication
KPB-4 emissions decay were fitted by mixed order decay function (equation (13)), described in

Section 3.2.1.
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Figure 28 Obtained from experimental decays fitting, stretched exponential functions for indicated wavelengths. Taken from KPB-3.

TCSPC of the PSCs

Time-resolved emission spectroscopy in the time widow 2.5 ps to 50 ns permits investigation of
the repopulation of the valence band after excitation. The information provided by the TCSPC
setup overlaps that from the femtosecond transient absorption system but with much worse time
resolution (orders of magnitude) and only one wavelength can be monitored at once. Stationary
emission occurs always from the lowest energy perovskite state so it gives information about ion

segregation and trap states [34].

In investigation of PSCs by this technique it is important to provide experimental conditions
(proper sample angle) in which the reflection from the cell does not reach the detector. It is
necessary to keep excitation energy constant and, as mentioned for the TA experiment, comparison
of decays obtained for different excitation fluence, as it is in usual molecular studies, is incorrect
because the decay strictly depends on the excited carriers density (equation (2)). Similarly as in the
TA spectroscopy, excitation from the ETM and HTM sides was investigated (Figure 29,
publication KPB-5). Also the experiment should be repeated at least a few times in different

samples or at different sample places.
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Figure 29 Sample configuration in the TCSPC experiment when measured the HTM and ETM side.
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3.2.3 Electrochemical Impedance Spectroscopy

Working Principles

While instead of direct current (DC), alternating current (AC) flows in the solar cell, it meets

resistance (energy dissipation) and capacitance (energy storage) in cells’ layers which leads to

decrease in its amplitude and also change in its phase. The electrochemical impedance

spectroscopy (EIS) is a technique based on this phenomenon and uses voltage (E) with very small

sinusoidal perturbation in time, described by the expression [65]:

E(t) = Eysin(wt)

Where Eo — amplitude of the signal, w — radial frequency (w = 2xf, f — frequency in Herz)

As shown in Figure 30, sinusoidal voltage generate current (/) with phase shift (¢):

I1(t) = Iysin(wt + ¢)

Where I — amplitude of a signal

applied voltage
generated current

Time

Figure 30 Schematic relation of the applied sinusoidal voltage and current generated by a cell.

Impedance (Z) is a measure of the ability of a system to resist current, defined by formula:

E((w)  Epsin(wt) sin(wt)
I(w) Ipsin(wt+¢) 0 sin(wt + ¢)

Using Euler relationship it becomes a complex number:

Z(w) =

Z(w) = Zp(cos(¢) — isin(¢))
giving imaginary (Z”) and real (Z’) part of the impedance.

(17)

(18)

(19)

(20)

Figure 31 shows two usual representations of the EIS results. Imaginary part of the impedance vs

frequency (Figure 31A) and the so-called Nyquist plot — imaginary vs real part of the impedance

(Figure 31B) [65]. Usually, two main features are observed in the impedance plot (two semi circles

in Z” vs Z’ plot and two peaks in Z” vs frequency plot), low frequency (LF, <10? — 10° Hz)
and a high or sometimes called middle frequency (HF or MF, ~10*— 10° Hz) signal [66]. The LF



signal reflects dynamics of ion motion, the HF signal represents recombination processes in titania

layer and in bulk perovskite [67].
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Figure 31 Exemplary Z” vs frequency and Z”’ vs Z’ (called Nyquist) plots of impedance spectroscopy experiments with low (LH) and
high (HF) regions indication.

Signal processing
The obtained EIS data are fitted by the so-called equivalent circuit, which usually contains
different configurations of resistors, capacitors or/and its alternative, the so-called constant phase

element (CPE). The latter impedance is given by [65]:

Z = 21
CPE = joom
Where B and # are frequency independent parameters.

The CPE can exist as resistor (for n=0) or a capacitor (for n=1). For n above 0.8 it is treated as

capacitor with capacitance described as:

1
_ ReeB)n 22)

Where, R, is charge transport resistance of the circuit

R, R,
CPE

Figure 32 Equivalent circuit used in the study. R, is abbreviated as R, and R, as R.,.
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In this thesis, the obtained impedance data were fitted by equivalent circuit shown in Figure 32 (in
KPB-5 where only HF range was studied) or connected double RC circuits (KPB-1 and KBP-4 for
HF and LF range).

From Kirchoff’s circuit laws, the impedance of the circuit from Figure 32 is given by:

1 B\!
Z(w) = Rs + (— + —) 23
From the obtained capacitance and resistance, the time constant of the recombination process

(equivalent circuit) can be calculated using the formula:

T = RiCi (24)
A single resistor in series connection to RC circuit represents series resistance of the cell and it is

seen in Nyquist plot as the Z’ starting value.

If the EIS experiment is performed as a function of applied voltage (V), the ideality factor () can

be obtained from the equation [65]:

eV
R = Ryexp (kaT) (25)

Where e — elementary charge, kg — Boltzmann constant, T — temperature in Kelvin’s

Ideality factor gives information about the recombination process path (m=1 indicates band-to-
band recombination, m=2 trap-assisted recombination by mid-gap trap states and values between

1 and 2 indicate superposition of these two) [68].

EIS of PSCs

The perturbation in EIS experiment can be applied in different conditions of a sample e.g., with
(light) or without (dark) illumination (by 1Sun or monochromatic), at non-open (NOC) or open
circuit (OC) conditions or mix of these conditions in order to obtain different information of the

system.

Resistance, capacitance and time constants can be compared for the illuminated and non-
illuminated samples to get the information characterizing cell operation (KPB-1, KPB-4). These
values can be compared for different ETMs or HTMs (KPB-1), for the cells with different currents
(KPB-4) or the cells made under different conditions (KPB-5) to characterize the charge transport
in a given cell. The most desired cell is that with the smallest loss of energy, which means that its
resistance, capacitance as well as time constant should be as high as possible. Also in conditions
with illumination, different wavelengths (e.g., blue and red) of the light can be used to reach
different perovskite layer volumes, as in KPB-5 (Figure 33). Due to high absorption of blue light of

the perovskite material it probes a region nearby the titania interface. Red light goes deeper into



perovskite material and gives information about the bulk processes or the processes taking place

close to spiro-OMeTAD volume.

Figure 33 Scheme of blue (465 nm) and red (635nm) light penetration depth in perovskite solar cell used in KPB-5.
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4 COMMENTS ON THE PUBLICATIONS

5

KPB-1

Effects of different small molecule hole transporters
on the performance and charge transfer dynamics

of perovskite solar cells

In the first article of the presented thesis, MAPbI; perovskite sandwiched between titania
layer and the most common HTM - spiro-OMeTAD was studied. Very similar in structure, but
cheaper than spiro-OMeTAD, X60 (also known as SFX-MeOTAD, 2,2’,7,7’-tetrakis(N, N-di(4-
methoxyphenyl)amino)-spiro-(fluorine-9,9’-xanthene)) and a mixture of both were examined.
Their chemical structures are shown in Figure 34. Femtosecond transient absorption spectroscopy
(TA), time-resolved photoluminescence and electrochemical impedance spectroscopy (EIS) were
used as time resolved techniques to deeply investigate hole transfer dynamic differences between
the fabricated cells. Perovskite materials were fabricated under ambient room conditions by one-
or two-step method. The novelty of the paper was that the cells with X60 have been studied by

transient methods for the first time.
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Figure 34 A — Exemplary current voltage curves of X60 and spiro-OMeTAD based cells. B— Time constants obtained from EIS vs
applied potential for samples studied under 1Sun illumination and dark. C — Schematic picture of the most important findings from
the study.



The totalAPCE for both spiro-OMeTAD and X60 based cells reached nearly 100 %. However, the
X60 cells exhibited a fill factor smaller by 13 % than that of the spiro-OMeTAD cells (Figure 34A).

The EIS was performed for the best cells, fabricated by the two-step method, in the dark and under
1Sun illumination as a function of the applied potential (600 — 950 mV, Figure 34B). The cells with
X60 exhibited longer recombination time constant (sometimes, incorrectly called lifetime in our
papers) in the high-frequency region (resulting from higher resistance) in the dark indicating that
the recombination from X60 to MAPDI; is slower than that from spiro-OMeTAD (red arrows in
Figure 34).

In TA study we compared the longer rate constant, obtained from 2-exponential global analysis of
the results of experiments with the small excitation pulse energy density (from 2.5 to 8 wJ/cm?) for
X60 and spiro-OMeTAD samples. Assuming that the electron transfer to TiO; and the first order
recombination in perovskite remain the same for each pair, the difference in the rate constants
reflects only the differences in the interfacial charge transfer to HTM. Averaged difference in the
longer TA rate constants Ak was equal to 0.036 + 0.022 ns™. Taking the hole transfer rate constant
from MAPDI; to spiro-OMeTAD obtained earlier (0.06 ns™?) [69], we deducted that hole transfer to
X60 is no more than twice slower than that to spiro-OMeTAD. Additionally, photoluminescence
decays supported that findings, the average decay time for X60 was longer than that for spiro-
OMeTAD.

The cells made with X60:spiro-OMeTAD (1:1, v:v) mixture exhibited intermediate behavior

confirmed by all above techniques.

The results of TA interpreted together with EIS results show that X60 was characterized by a lower
recombination rate and a lower hole injection in comparison to those of spiro-OMeTAD, as
schematically shown in Figure 34C. Slower injection to X60 can be caused by slightly more positive
redox potential of this material in comparison to that of spiro-OMeTAD (about 20 mV), thus, the

driving force for charge transfer is smaller.
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KPB-2

Differences in photoinduced optical transients in perovskite

absorbers for solar cells

In this article, following the hole transporting material study presented in KPB-1, we
focused on the perovskite material. The publication reports the investigation of MAPbI; perovskite
films and powdered crystals using the methods of femtosecond transient absorption as well as time-
resolved photoluminescence spectroscopy. The perovskite films were made at non-stoichiometric
(3:1, NS) or stoichiometric (1:1, S) MAI:Pbl, molar ratios in precursor solutions. S samples
exhibited a red-shift of stationary absorption edge and the emission band and also had longer

fluorescence lifetime as well as lower relative photocurrent in comparison to those of NS sample.
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Figure 35 2-exponential global fit of transient absorption data results for NS (non-stoichiometric, A) and S (stoichiometric, C)

MAI:PbI, ratio in perovskite precursor solution. Schemes of proposed interpretation of charge behavior for NS (B) and S (D) samples.

The TA signal of S samples, after initial charge cooling (with a time constant 7;), had a derivative-
like shape as shown in Figure 35C (t,), instead of becoming a bleach signal, as for NS samples.
Negative amplitude in longer and positive in shorter wavelength range of this derivative-like signal
can be an indication of a blue shift of the absorption band. Furthermore, TA signal for S sample
was ten times smaller than that for the NS standard bleach signal (Figure 35A, t1,). Moreover,
charge cooling signal (t,) of S film is also different than that well-known and observed for NS. It
was dominated by negative bleach signal with a minimum at about 760 nm. The powdered MAPbI;
crystals exhibited the TA spectral shape similar to that of S samples, the longest emission lifetime

and greater red-shift of steady-state absorption edge. The TA signal dynamics was the same no



matter if MAPDI; film was prepared directly on FTO glass or sandwiched between TiO, and
spiro-OMeTAD, indicating that charge recombination within perovskite layer brings the greatest

contribution.

The proposed explanation of different spectroscopic behavior of the films with different MAI:Pbl,
ratios in the precursor solution is shown in Figure 35B,D. The NS sample signal obeys the rules
described in Section 3.2.1: after excitation, charge cooling process leads to accumulation of
electron and holes at band edges, which gives a strong and narrow bleach signal (Figure 35B), then
the bleach signal recovers due to charge recombination and injection. In contrast, in S samples the
carrier cooling process does not finish at band edges but in the local states below the minimum of
the conduction band and above the maximum of the valence band (Figure 35D). This
accumulation outside the bands due to electric modification of the band-edge transition (Stark
effect) causes a derivative-like shape of the spectrum. Another proposed explanation was the
existence of a second bandgap (slightly shifted in k-space), which caused charge leakage/transfer

from the primary bands.

Additionally, the excitation energy density dependence of the TA signal was also checked,
demonstrating that amplitude of the TA signal varied with the excitation energy density. Moreover
the temporal and spectral behavior of the signal was different. With increasing excitation energy
density the bleach signal is shifted and widened and more exponential components are needed to
describe the TA signal. Simpler analysis of global integration of the band has been proposed and

further studied in the next papers of the thesis.

Later, in 2019, Leng published his TA study of a perovskite film showing that TA signal can be
contaminated by transient reflection, manifesting as derivative-like shape signal [70]. This
observation abolishes our interpretation and probably indicates that our stoichiometric samples
with poorer quality (more pinholes and other imperfections) reflected a lot of probe light, which
led to the appearance of derivative-like shape of 44 signal. Nevertheless, findings for non-
stoichiometric samples are still valid, such as the TA signal excitation energy dependence, which

was the starting point for our next research (KPB-3).
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KPB-3

Insights into the femtosecond to nanosecond charge carrier

kinetics in perovskite materials for solar cells

In the article, complete inverted PSCs with three different ETMs, delivered by Saule
Technologies company were investigated. The subject of the study was an inverted cell deposited
on an electrode (PET foil) with ITO, PEDOT:PSS as the HTM, MAPbI; and PCBM as the ETM.
PenPTC (also called PDI, N,N’-dipentyl-3,4,9,10-perylene dicarboximide) and SPPO13 (2,7-
bis(diphenylphosphoryl)-9,9’-spirobifluorene) organic materials were substitutions for PCBM. The
reference samples, with perovskite layer deposited directly on the glass with the above-mentioned
ETMs were also examined. Femtosecond transient absorption as well as picosecond to nanosecond

time-resolved photoluminescence were used.

The study started with analysis of the perovskite bleach signal behavior described in KPB-2. In our
first studies of PSCs in 2016 [69], we proposed that the rate constants of the first and second order
processes could be obtained from the plot of the reciprocal of longer time component (7,) from 2-
exponential global analysis of TA data as a function of pump pulse intensity (/). The first order rate
constant was extracted as the intercept value (denoted below as %;’) and the second order rate
constant (denoted as &,’) from the slope of the data linear fit. However, in the presented KPB-3
work, we assessed the quality of the above-described 2-exponential approximation of decay by
comparing it with simulated second or mixed (first and second) order decay functions with set %,
(first order) and k&, (second order) values. In the case of pure second order decay function fitting, ,’
obtained from 1/ t,vs I plot is very close to 0 and &,’ is equal to 0.3 of the set in simulation value
of k,. For the mixed order decay function fitting, k4’ obtained from linear fit is equal to given &
value, while the slope value — &,’, is again different than set in the simulation (k,’= 0.4 k). If the
fitting is performed for the simulated decay in cut off temporal widow (kinetic decay to amplitude
equal to 25 % of the initial one) %; value remains the same, but &,’ value becomes 1.0 k,. Therefore,
although the exponential fit of TA data does not precisely describe the first and second order
processes, the simple 2-exponential global approach may be useful in many situations, providing

the correct first order rate constants and the slope proportional to the second order rate constant.

Secondly, we focused on determination of a proper kinetics of photoexcited carriers decay in
perovskite material. Figure 36 A shows three different kinetic curves obtained from the analysis of
TA experiment i.e., kinetics at the minimum bleach (black line), 1% Singular Value kinetics from
global fit procedure (green line) and the result of integration procedure over a broad spectral range
(610 — 850 nm) — in the form of band integral (red line). Only band integral amplitude is a linear

function of excitation energy (population of excited carriers) in a wide energy region.



The other two approaches do not correctly take into account the fast decaying charge population

related to the blue part of the bleach band.
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Figure 36 A — Comparison of band integral, I* singular value and minimum bleach kinetics of a PSC. B — Normalized maximum
amplitude of the kinetics obtained in different ways as a_function of excitation energy.

C — Schematic presentation of the obtained resuls.

Thirdly, rate constants for the perovskite with PCBM on glass and complete PSCs decay were
determined by fitting the band integral kinetics with a mixed order decay function. For glass
samples the fit quality was sufficient only up to the pump pulse intensity of 15 pJ/cm?, however in
PSCs this limit was 40 wJ/cm?. The perovskite film on the glass was recognized by the SEM images
and XRD pattern as of poorer quality than that on top of PEDOT:PSS. It can indicate that in a
lower quality structure Auger recombination threshold is placed in the lower excitation energy
region. The &, value determined for glass samples was equal to (8.9 £ 1.0) x 10"'°cm?®/s, while the
complete solar cells of higher quality exhibited significantly smaller second order rate constant
(3.6 £ 0.3) x 10" cm?®/s. Also 4 values for three different ETMs were compared. The first order
rate constant was the highest for PCBM and equal to 0.61 + 0.10 ns, together with the highest
photocurrent of the cell. PenPTC exhibited middle values of both photocurrent (two times smaller
than for PCBM cells) and % (0.44 + 0.06 ns'). The smallest %, value: 0.33 +0.17 ns' was
determined for SPPO13, included in the cell with negligible photocurrent.

Additionally, the short-wavelength bleach (480 nm) signal was studied. In contrast to the long-
wavelength bleach, its amplitude in the minimum of the band depends linearly on the excitation
energy. This bleach did not show shifting and widening. It suggests that the short-wavelength

bleach signal is caused by different electronic nature than the long-wavelength one.
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KPB-4

Understanding the effect of different synthesis conditions on the

physicochemical properties of mixed-ion perovskite solar cells

In the article research introduced the first substitution of perovskite MAPbI; material. We
chose mixed-ion, (FAPDbI3)oss(MAPbBr3)0.15 perovskite for which PSCs performance was better at
that time than for MAPDI;. As observed in KPB-3, charge transport rate constants (k; and k;) seem
to depend on the perovskite quality. The article describes different quality PSCs obtained in
different conditions of synthesis. The time-resolved emission spectroscopy and electrochemical
impedance spectroscopy were used to determine the influence of the cell modification on charge
transport within the cells. Table 2 collects the synthesis parameters and the corresponding averaged
photocurrent of prepared batches.

Table 2 Synthesis parameters and averaged J,. value of prepared batches.
Better mesoporous layer is called SC18dil in KPB-6.

. Anti- o Humidity RH 2

Sample TiO: layer solvent 02 [%] [%] Jie [mA/cm?]
WM (No A-S) No 21 8-40 8.5
WM (21% O2; 40% RH) 21 40 8.9

‘Worse mesoporous

WM (21% O2; 8% RH) 21 8 13.3
WM (<1% Oz; 10% RH) Yes <1 10 14.9
P (21% Oz; 8% RH) Planar 21 8 14.9
BM (21% O2; 8% RH) Better mesoporous 21 8 17.8

The cells quality was characterized as a ratio of absorbance at 600 nm (containing the unreacted
precursors) to that at 700 nm. The lowest limit of this ratio is equal to 1.41 for the ideal
semiconductor with a direct bandgap with the absorption edge corresponding to that of mixed-
cation perovskite (775 nm). The samples of the best quality whose ratio of absorbances was the
closest to this value, show the highest absorption at 700 nm (Figure 37A). A correlation of the
photocurrent of the samples (J,) with absorbance value at 700 nm has been found. X-ray diffraction
revealed that the peak areas ratio of mixed cation (28.5° and 31.8%) over unreacted Pbl;, (12.3°) took
higher values for the higher absorbance at 700 nm. This indicates that the higher the perovskite
layer quality, the higher the photocurrent. A similar correlation has been found for efficiency vs.
absorbance at 700 nm value with exception of planar cells which despite contain a high quality

perovskite layer, do not extract charges as efficiently as mesoporous titania.



The EIS experiments performed for the cells with different photocurrent under 1Sun illumination

revealed that the interfacial charge transfer becomes faster with increasing cell photocurrent.

The first and second order recombination rates, obtained by fitting the time-resolved emission

spectroscopy decays by the equation (2), increased with increasing cell quality (absorbance at

700 nm, Figure 37B). The &, increase is probably caused by faster injection to ETM or HTM in

higher quality cells. On the other hand, increase in k, value suggests that maybe the proper

perovskite structure exhibits a faster second order recombination process. The second explanation

of the increase in both rates is that the injection process is described by the first and second order

parameter. For minimization of the effect of possible random fluctuation of the results, the emission

measurements were performed at least at two places on the sample, and the results were averaged

from two to four samples from the same batch.
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the main findings of the study.
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KPB-5

Understanding the interfaces between triple-cation perovskite

and electron or hole transporting material

The article reports a study of PSCs with benchmark triple-cation perovskite
(FAo76MAg.16Cs0.0sPb(Io.81Bro.10)3) sandwiched between layers of titania and spiro-OMeTAD. Cells
were made in a drybox under dry (water-free) conditions (DC) or under ambient room conditions
(AC). The AC samples were made with varying DMSO:DMF ratio (from 0.24 to 0.4 DMSO
content) in the final perovskite precursor solution in different water vapor pressure conditions
(WVP, 0.9 — 1.3 kPa). In the study we focused on the differences in photoexcited charge carriers
dynamics between that from the ETM side (close to the titania/perovskite interface) and the HTM
side (close to the spiro-OMeTAD/perovskite interface). The experimental realization of the way
of probing of selected interfaces is described in the Methods section of this thesis. The time-resolved
emission spectroscopy, transient absorption spectroscopy and electrochemical impedance
spectroscopy with support of scanning electron microscopy, transmission electron microscopy and
grazing incident X-ray diffraction were employed to determine charge dynamics and perovskite

crystal structure close to the interfaces.

Study of PSCs prepared from the solution with varying DMSO content and under different WVP
conditions did not allow drawing general conclusions on the photovoltaic parameters of the
devices. Only the ideality factor was clearly influenced by the DMSO concentration (Figure 38A).
Its value was about 1.0 — 1.5 for the standard 0.24 DMSO content, and increased with DMSO
content. It suggests that for low DMSO concentrations the recombination process is mostly due to

bulk recombination and it becomes the surface recombination, when DMSO content is high.

The samples prepared under ambient room conditions (under a fume hood in a laboratory), showed
that the photoexcited charge carrier decay is faster from the ETM side than from the HTM side.
The emission study showed that half-lifetime of the decay, for the samples of the same thickness,
was equal to 1.6 ns and 2.4 ns from the ETM side and HTM side, respectively. The transient
absorption experiments results permitted determination of the average decay time constant equal
to 3.5 ns for the ETM side and 5.5 ns for HTM side. The electrochemical impedance spectroscopy
indicated that the charge recombination loss is lower close to the interface with ETM in comparison
to that close to HTM. These observations indicate that for the AC samples, the asymmetry in
charge transport is governed mostly by electrons from the ETM side and holes from the HTM side,

which can be caused by different recombination center distribution.

The PSCs prepared in a drybox showed that the hole injection becomes faster (higher ETM/HTM
half-lifetime ratio) for the cells exhibiting higher photocurrent (Figure 38B). It suggest that in highly



efficient PSCs the hole transport rate is crucial in gaining the best efficiencies. The cells were also
investigated by grazing incident x-ray diffraction at different incident beam angle, which showed
that unreacted Pbl, is higher close to TiO, layer in comparison to that close to spiro-
OMeTAD/perovskite interface. This difference can affect the charge dynamics. Stationary
emission further indicated a difference in the hole and electron dynamics, a long-wavelength
feature close to the ETM was observed, which caused a maximum emission shift from 770 nm at

the HTM side to 784 nm at the ETM side.

The study revealed that the perovskite structure and charge dynamics are not uniform within the
whole perovskite material. These conclusions were drawn with support of statistic relevance, using

Pearson method on numerous experiments.
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Figure 38 A — Ideality factor vs DMSO concentration in precursor solution, obtained from the EIS measurements with blue or red
light for cells prepared under two different WVP conditions. B — ratio of ETM/HTM half lifetimes for cells with different perovskite
thickness and different photocurrent. C — schematic picture of the presented findings.
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KPB-6

Impact of improvements in mesoporous titania layers on ultrafast
electron transfer dynamics in perovskite

and dye-sensitized solar cells

The article is focused on improvement in the PSCs and DSSCs performance upon
modifications of mesoporous titania layer, investigated using femtosecond transient absorption.
The PSCs cells were made of a triple-cation perovskite (the same as in KPB-5), spiro-OMeTAD
and two different titania layers: a commonly used one, optimized of about 150 — 200 nm
in thickness (made of 30 nm nanoparticles, called SC30dil) and a homogenous layer 300 — 350 nm
thick (made of 18 nm nanoparticles, called SC18dil), with poor homogeneity. The SC30dil
exhibited the efficiency ~18 % (J,, ~24 mA/cm? , relative photocurrent ~100 %), while SC18dil
only 11 % (J,. ~17 mA/cm?, relative photocurrent ~70 %).

Results of the TA experiments of the PSCs excited from the ETM and the HTM side (as conducted
in KPB-5) were globally fitted by a 3-exponential decay function. Charge cooling constant rate
(7,=0.3 ps) was the same for both SC18dil and SC30dil samples. Two longer-time components,
describing charge population decay were always shorter for SC30dil samples from both sides.
A simpler 2-exponential global fit was also performed, giving mean values collected in Table 2.
SC30dil cells show faster decays, especially from the ETM side, where the charge carrier dynamics
is governed mostly by injection to the titania layer. It indicates that faster electron injection to the

optimized TiO; is responsible for the higher photocurrent in the studied cells.

Table 3 Averaged values of longer time component from 2-exponential global analysis of PSCs TA data for different excitation sides.

T ns
TiO; layer Excitation side avo [ns]
error: £ 0.1 ns
ETM 1.9
SC30dil
HTM 2.5
ETM 3.3
SC18dil
HTM 3.3

The KPB-5 article revealed that photoexcited charge carrier dynamic is not uniform within the
whole perovskite layer, which was further explored in the KPB-6. Additional, red-shifted spectral
features were observed in the TA experiments from ETM side. The probable explanation is that
the photoinduced ion segregation leads to different concentrations of iodide and bromide ions close
to the perovskite interfaces. In the study, the SC30dil bleach signal at 100 ps was collected and
compared in subsequent cycles of the TA experiment (Figure 39B — C) from the ETM and the
HTM sides. Only at the ETM side a shift and decrease in the bleach signal was observed.



The cell with the lower photocurrent (SC18dil) as well as SC30dil passivated by organic dye (MK?2)
did not show above changes. The study of this phenomenon was continued and presented in the

next paper (KPB-7).
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Figure 39 A — Schematic picture of the presented study. B,C — femtosecond transient absorption signal at 100 ps for excitation from
the ETM (B) and the HTM side (C) for subsequent scans in the experiment.

63



64

KPB-7

Complete perovskite solar cells with gold electrodes studied

in the visible and near-infrared range

The last article presents spectroscopic results for the same triple-cation perovskite as in the
previous two works in complete PSCs. It shows a novel approach to the TA study, which is an
experiment with the applied potential (through the gold electrode at HTM side) and additional
1Sun illumination, schematically shown in Figure 40A. It allows the TA investigation of charge

carrier dynamics upon conditions close to the working conditions of the cell.
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Figure 40 A — Schematic presentation of the study (TOC from the article) B — Normalized amplitude at 3 ns over experiment time for
different samples, C — the TA signal at 3 ps for complete PSC under different conditions excited from the ETM side,
D — Normalized band integral kinetics for complete PSCs with different applied potential.

Gold electrode effect was studied by the stationary and transient absorption spectroscopy. It was
shown that light suppress in a 50 nm gold layer, at 750 nm (TA bleach position) is about 50 — 60 %,
which allows a decent noise-to-signal ratio. The gold layer does not show a significant TA signal

(50 times smaller than the perovskite bleach amplitude).



The SEM images, on a fresh layer and after 80 days, revealed that the gold layer was smooth just
after deposition but changed into a layer of 100 — 140 nm gold islands with time. Such changes

reduce the conductivity of the layer, so they can be the cause of reduced efficiency of the aged cells.

Although, a gold layer TA signal is insignificant, it causes appearance of a new positive absorption
signal around 770 — 840 nm when excited from HTM side, whereas for the cells without gold, the
signal is negative due to stimulated emission. The band exhibits also different kinetics than that in
the corresponding spectral range for the cells without gold. This phenomenon can be explained by
assuming that gold layer suppresses the perovskite stimulated emission caused by the plasmonic

effects or by the gold layer enhancement of the absorption coefficient of spiro-OMeTAD.

The TA signal of the PSCs in the NIR region was either reported to be dominated by interference
(caused by refractive index changes due to photoexcited carriers) [49], [50] or as dominated by the
oxidized HTM materials (e.g., spiro-OMeTAD at 1500 nm) [71]. In this study, we clarified that,
despite the domination of the interference signal, the signal from the oxidized spiro-OMeTAD can
be also detected. It is manifested as a rise up to 30 ps of the kinetics above 1200 nm from the HTM
side, while for the ETM side only the decay is observed.

The experiments with illumination revealed that the red-shift of the long-wavelength absorption
band edge upon 1Sun illumination is accompanied by a drop in photocurrent. Reverse, partial
changes of TA spectral signal were observed when after illumination the samples were kept in the
dark.

The effect of long laser illumination on the TA signal (bleach amplitude) in PSCs, briefly described
in KPB-6, was more deeply analyzed. The TA experiments with several scans numbers were
performed on complete cells as well as on the samples with excluded particular layers. For the
ETM side, the bleach signal was red-shifted, widened and vanished over time. A possible
explanation of the red-shift and widening is the rearrangement of ions in the perovskite structure.
The bleach amplitude decreases by about 20 % after 35 min for the samples with a TiO, layer,
excited from the ETM side (complete cell and TiO./PVSK, Figure 40B). The complete cell excited
from the HTM side exhibits a smaller drop in the bleach amplitude, while for the samples without
a TiO; layer, the bleach amplitude does not decrease at all, irrespective of the excitation side. It
confirmed the findings published for MAPDI, sBri s that only charge extraction by TiO; causes ion
segregation [72]. Time constants obtained from multi-exponential global analysis showed that
except for the fastest-time component, all time constants are lower upon irradiation of the sample
with TiO,, which indicates that the electron injection or/and charge recombination accelerate with

increase of ion rearrangement.

Results of investigation on the relation between irradiation with femtosecond laser to that of
irradiation with 1Sun on TA results were checked and revealed that the laser pulses at 475 nm,

fluence 30 uJ/cm? and repetition rate 500 Hz lead to approximately the same decrease in the bleach
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signal as the continuous 1Sun illumination, i.e., a reduction of the signal by about 15 % after

25 min.

Finally, thanks to the measurements of the complete cells with gold electrodes, the effect of applied
potential during TA experiment was studied. It revealed that the reverse current flow (realized by
applied voltage bias of -900 mV in the dark) can reverse the TA bleach signal long-term changes,
described above (Figure 40C).

Moreover, application of a bias close to V,. (-900 mV) under irradiation means that almost no
current flows through the sample so the charge injection to the contacts is suppressed. Indeed, we
observed that bleach band under such applied voltage decays slower than that at short circuit or
positive voltage applied (Figure 40D), probably due to the lack of charge injections. Therefore,
results of our research have opened the new way to investigate the ultrafast processes in PSCs under

different working conditions.



5 SUMMARY

5

My thesis is based on a series of seven scientific articles. It describes the study of perovskite
solar cells conducted from 2016 to 2021. During that time the cells fabricated in the laboratory in
Poznan reached 18 % efficiency with small hysteresis, starting from a few percent and huge
hysteresis in 2016, when I started to fabricate and study them. Figure 41 shows photos of the cells
prepared in 2016 and 2021, highlighting the evolution of the solar cell construction.

Figure 41 Photos of the PSCs prepared in 2016 (4) and 2021 (B) at the Faculty of Physics, Adam Mickiewicz University, Poznan.

The perovskite material complexity varied from simple MAPbI; (presented in KPB-1 — KPB-3)
through double cation, double halides mixture ((FAPbI3)oss(MAPDbBr3)0.15, studied in KPB-4) up to
triple cation, double halides composition (FAosMAo.16Cs0.0sPb(los1B1o.19)s; investigated in
KPB-5 - KPB-7).

Apart from the perovskite composition, the synthesis conditions were also changed. Precursor
solutions were modified by using various MAI:Pbl, molar ratio (KPB-1, KPB-2) or different
DMF:DMSO ratio (KPB-5). The MAI:Pbl, with excess (3:1, non-stoichiometric ratio) of Pbl, gave
the fastest photoexcited carriers decay (KPB-1, KPB-2). Different DMSO concentration in the
precursor solutions does not influence ultrafast processes. However, it influences recombination on
a greater time scale, changing recombination mechanism from bulk to surface with increase in the
DMSO concentration (KPB-5).

We analyzed changes in synthesis conditions, i.e., under open air (with presence of humidity and
oxygen, KPB-1, KPB-2, KPB-4, KPB-5) and under dry box conditions (KPB-4 — KPB-7). The best
results were obtained for dry-box conditions (KPB-4, KPB-5). However, it has been shown that
triple-cation perovskite can be fabricated with high efficiency under ambient room conditions
(KPB-5).
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Different PSCs structures were investigated, i.e., normal mesoporous (KPB-1, KPB-2,
KPB-4 — KPB-7) and planar inverted (KPB-3). Different hole and electron transporting material
were used in PSCs, i.e., HTMs: spiro-OMeTAD (KPB-1, KPB-2, KPB-4 — KPB-7), X60 (KPB-1),
PEDOT:PSS (KPB-3), ETMs: different quality TiO, (KPB-1, KPB-2, KPB-4 - KPB-7), PCBM,
SPPO16 and PenPTC (KPB-3). Spiro-OMeTAD exhibits faster electron transfer than X60, but also
faster interfacial recombination (KPB-1). The best mesoporous TiO, layer for PSCs is a
homogenous, 150 — 200 nm layer with 30-nm size nanoparticles. It provided the best perovskite
quality and extraction properties (shorter lifetime of the photoexcited charge carriers, KPB-4,
KPB-6). The best studied ETM for inverted PSCs was PCBM, exhibiting the highest efficiency and
first order rate constant (k;). The PenPTC has exhibited lower k; along with lower efficiency than
PCBM. The SPPO16 with the negligible current indicated the smallest &, value from those three
(KPB-3).

The above combinations of conditions allowed investigation of charge transport in perovskite
material with different modifications (KPB-2, KPB-4, KPB-5) and together with selective
transporting material (KPB-1, KPB-3, KPB-6) of different qualities or chemical compositions. We
also introduced changes in the PSCs by physical, instead of chemical interactions: application of

potential bias or additional 1Sun illumination in the experiments (KPB-7).

Based on the research presented in the thesis, the following, general conclusions on charge

transport in perovskite material can be drawn.

The higher the efficiency of the PSC, the shorter the time constants of the photoexcited charge
carrier decay, assigned to the dynamics of the charge transport to selective transporting material
(KPB-3 — KPB-6). It should be stressed that these findings made for complete cells with ETM and
HTM materials are in contrast to those observed in isolated perovskite, when longer decay usually
means fewer trap states and better quality of perovskite crystals. The differences in the hole and
electron dynamics are distinguishable (KPB-5— KPB-7), moreover photoinduced kinetic and
spectral changes are observed close to TiO,/perovskite interface (KPB-6 — KPB-7).

Examination of incomplete PSCs (without a particular layer or layers) by time-resolved laser
spectroscopy (pulsed laser illumination) can be useful in determination of the charge transport
dynamics. However, in order to analyze the cell in the working conditions, additional 1Sun
illumination and applied potential should be provided (KPB-7) for complete cells with deposited

metal electrodes.

The transient bleach signal changes with increasing pump energy density: i.e., shift and widening
in the spectral domain and a faster decay in the temporal domain are observed (KPB-2, KPB-3,
KPB-5, KPB-7). In some cases, the bleach signal can be outcompeted by the transient reflection
signal (KPB-2).



Moreover, optical interference on thin layers can influence the TA spectra (KPB-7). The additional
short-wavelength bleach signal exhibits different behavior than the long-wavelength one (KPB-1,
KPB-2).

Furthermore, the correct conclusions from the time-resolved studies should be based on proper
kinetics analysis: singular value decomposition global analysis is better than single-wavelength
kinetics, but it is the band integral analysis that should be performed in order to obtain the proper,
complete kinetics of charge carrier decay. In order to characterize the kinetics, the simple half-
lifetime (KPB-4, KPB-5), multi-exponential function (KPB-1 — KPB-3, KPB-5 — KPB-7), stretched
exponential function (KPB-1, KPB-2, KPB-5) and, the most appropriate, mixed first and second
order model (KPB-3 — KPB-5) can be used. Moreover, due to wide spread of kinetics of perovskite
samples, it 1is important to provide statistically significant number of experiments
(KPB-1 - KPB-7).

I hope that my contribution to the knowledge of charge transport in perovskite solar cells will help

to understand and further develop non-carbon-emissive electric current sources.
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ARTICLE INFO ABSTRACT

Perovskite solar cells with popular 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
OMeTAD) as the hole transporting material are compared to those prepared with 2,2’,7,7’-tetrakis(N,N-di(4-
methoxyphenyl)amino)-spiro-(fluorene-9,9’-xanthene) (X60), its recently proposed new and potentially cheaper
alternative, and with a mixture of both materials. The cells with both small-molecule transporters have similar
photocurrent and photovoltage, but the cells with X60 exhibit about 13% smaller fill factor than those with
spiro-OMeTAD. The dynamics of the interfacial charge transfer occurring on the time scales from femtoseconds
to seconds is explored. The overall hole injection is slower from methylammonium lead iodide to X60 than that
to spiro-OMeTAD by about 0.04 ns™ . Similarly, slower hole recombination is found for the cells with X60,
taking place on the millisecond time scale in the dark. The recombination under illumination is accelerated more
for x 60 material, which might explain the differences in fill factor values. The cells with the 1:1 mixture of
spiro-OMeTAD and X60 show intermediate behavior in all aspects, revealing that a simple combination of small

Keywords:

Perovskite solar cells

Hole transporting material

Femtosecond transient absorption
Electrochemical impedance spectroscopy

molecule transporters can be used to tune the properties of HTM.

1. Introduction

Perovskite solar cells (PSC) have been recently the most intensely
developed ones from among the emerging photovoltaic systems. The
best sunlight conversion efficiencies of PSC have grown exceptionally
fast in the latest few years, currently exceeding 22% (certified 22.1%)
[1-3]. Among many prospective benefits of PSC, their potential low
production costs are one of the most interesting [4,5]. However, not
only perovskite material itself, but also the contact materials that ex-
tract and transport charges play crucial role in the operation and per-
formance of PSC. The current champion devices use spiro-OMeTAD
(2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobi-
fluorene, Fig. SIA in the Supporting information) as the hole trans-
porting material (HTM) [2,3]. This material, belonging to small mole-
cule hole transporters, is, however, very expensive due to complex
synthetic route and purification. Therefore, one of the important points
of interest in PSC studies is the search for alternative HTMs [6-10].

Very recently, a low-cost alternative to spiro-OMeTAD — 2,2',7,7’-
tetrakis(N,N-di(4-methoxyphenyl)amino)-spiro-(fluorene-9,9’-xan-
thene) — has been independently proposed by two different groups
(Fig. S1B) [11,12]. This organic HTM, based on a spiro(fluorene-9,90-
xanthene), has been denoted as X60 [11] or SFX-MeOTAD [12]. It has
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been estimated that the costs of X60 are should be more than five times
lower than those of the commonly used spiro-MeOTAD [12]. Therefore,
this new spiro-type molecule is promising for large-scale industrial
production, and a combination with state-of-the-art perovskite mate-
rials (mixed cation perovskite) yielded PSC of almost 20% efficiency
[11], very close to that of the champion devices. According to our
knowledge, apart from the initial articles [11,12], no other studies of
PSC using X60 have been reported so far. Therefore, we decided to
compare the performance of x 60 and spiro-OMeTAD in PSC using the
standard perovskite material, methylammoinium lead iodide, MAPbI;
(MA = CH3NH3). Besides, recently also the mixtures of spiro-OMeTAD
and other organic and inorganic materials have been studied as HTM in
order to improve the performance of PSC [13,14]. Therefore, we also
checked the effect of using a mixture of spiro-OMeTAD and X60. We
focus our attention on the simultaneous studies of basic photovoltaic
parameters of PSC and time-resolved spectroscopy measurements of the
charge dynamics over the entire time range in which the charges are
transported. Thanks to the combination of broadband transient ab-
sorption with femtosecond laser system and electrochemical impedance
studies, we were able to investigate the hole injection and recombina-
tion at the interface between MAPbI; and HTMs on the time scale from
picoseconds to seconds.
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It should be noted that such comprehensive studies of charge dy-
namics on different time scales and in complete PSC samples are still
very rare. Recently, we have used such an approach to explain the
worse performance of PSC made with inorganic CuSCN with respect to
those made with spiro-OMeTAD [15]. The initial charge separation
(on ns time scale) was observed to be by about 3 times faster for CuSCN
system, but the worse photocurrent and photovoltage of this system was
explained by the accompanying faster recombination on ms time scale
[15]. It should be emphasized that the interpretation of both time-re-
solved laser spectroscopy and electrochemical impedance spectroscopy
results is yet not generally accepted for PSC. In the former, there is still
a fundamental controversy whether electron and hole injections from
the perovskite to contact materials occur on sub-ps or ns time scale
[16-19], as we shortly discussed in our previous paper [15]. In im-
pedance spectroscopy, the assignment of each of the three characteristic
response regions (low, mid and high frequency) is also not well estab-
lished, and it is not clear which of these regions has direct influence on
certain photovoltaic parameters [20-22]. Therefore, we believe that
our present studies, besides the comparison between X60, spiro-
OMeTAD and its mixture, will also bring some contribution to the un-
derstanding of the correlation of time-resolved spectroscopy results
with the performance of PSC.

Finally, in the present contribution we also show, for the first time,
our simplified approach to the preparation of PSC. Instead of using the
glovebox, we made the cells under normal room conditions (with the
presence of oxygen and moisture). As will be revealed, our cells show
good stability and high charge separation efficiency, yet the sunlight
conversion efficiency is limited by small thickness of the perovskite
layer.

2. Materials and methods
2.1. Solar cell preparation

FTO glass (Sigma Aldrich, 2.2 mm thickness, 13 Q/sq) was cleaned
in soap solution, distilled water and ethanol for 15 min in each step.
Then 0.34 M titanium isopropoxide ethanol solution was deposited by
spin coating (2000 rpm, 60s) onto FTO glass to obtain ~150 nm
compact TiO, layer. After annealing at 100 °C, the water suspension of
titanium dioxide nanoparticles (15-20 nm diameter, Solaronix) was
spun (5000 rpm, 30s) into a compact layer giving ~100 nm meso-
porous structure and then the photoanode was kept at 475 °C for
30 min. Additional ultrathin dense TiO, coating was deposited on top of
the previous layer by dipping in 0.05 M TiCl, water solution (70 C,
20 min) and annealing at 475 C for 30 min. Perovskite layers were
prepared using two different methods, the one- and two-step proce-
dures. The precursor solutions were prepared and spin-coating was
performed under normal room conditions (under the presence of
oxygen and moisture with laboratory humidity 35-45%).

In the one-step methods, the precursor solution contained dissolved
methylammonium iodide (MAI, Dyenamo) and lead iodide (Pbl,,
0.55M or 1 M) or lead chlorine (PbCl,, 1 M) in dimethylformamide
(DMF). Concentration of precursors for one-step method was kept in
stoichiometric (1:1) or non-stoichiometric (3:1) molar ratio for
MALIPbI, or MAI:PbCl, and are summarized in Table S1. The solution
was spun (2000 rpm, 45s for MALPbI, and 3000 rpm, 20s for
MAILPbCI, solution) on formerly prepared electrodes and annealed at
100 °C in dry nitrogen flux until obtaining dark brown perovskite
structure.

The two-step method consisted of sequential deposition of Pbl,
(0.55 M) in DMF and MAI (0.05 M) in 2-propanol solution. Firstly, Pbl,
(20 pl) was spun (6000 rpm, 5 s) on TiO, structure and kept at 40 °C for
3 min, next at 100 °C for 5 min, then MAI (300 pl) was applied and spin
coated (4000 rpm, 20 s) after 40 s delay. After that the samples were
annealed at 100 °C in dry nitrogen flux.

All HTMs (70 pl) were spin coated at 3000 rpm for 30s. To prepare
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HTM solutions in chlorobenzene, 4-tert-buthylpyridine (TBP, 28.8 pul/
ml) and bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI,
17.5 pl/ml of 520 mg/ml solution in acetonitrile) were added to spiro-
OMeTAD (Sigma-Aldrich, 60 mM), X60 (Dyenamo, 60 mM) or their 1:1
vol mixture (60 mM). Finally, gold electrodes were deposited by sput-
tering using a mask with several 0.05 cm? apertures that defined the
active surface of the cells.

2.2. Solar cells characterization

The current-voltage (J-V) curves and incident photon-to-current
efficiency (IPCE) spectra were measured using Autolab M101 po-
tentiostat coupled to a photoelectric spectrometer equipped with a solar
simulator (Instytut Fotonowy — Photon Institute, Poland). The in-
tensity was adjusted to provide 1Sun illumination (100 mW/cm?) by
using a xenon arc lamp with an AM 1.5G spectral filter and calibrated
using a reference cell (15151, ABET). The J-V curves were recorded in
two scan directions: “reverse mode” (scanning the potential from values
higher than the open-circuit voltage to zero) and “forward mode”
(scanning the potential in the opposite direction) at the scan rates 100
or 500 mVs~'. IPCE data were collected in 400-850 nm range with a
10 nm step. The absorption spectra were obtained using a Jasco V-700
spectrophotometer equipped with 150 mm integrating sphere (LN-925).
The sample cross sections were analyzed by using an Jeol 7001 TTLS
field-emission scanning electron microscope (SEM) operating at 10 kV
accelerating voltage.

The setup for ultrafast broadband transient absorption has been
described before (Helios spectrometer, Ultrafast Systems, and Spectra
Physics laser system) [23]. The instrument response function (IRF,
pump-probe cross-correlation function) was about 200 fs (fullwidth at
half-maximum (FWHM)) and transient absorption measurements were
performed in the time range of up to 3 ns. An important modification of
the transient absorption setup with respect to the standard, commercial
configuration, was the use of a filter suppressing the residual 800 nm in
the white light continuum before the sample, in order to avoid pump-
and-dump artifacts [24,25]. Global analysis of the transient absorption
data was performed by using the Surface Explorer software (Ultrafast
Systems). It was used to fit a multiexponential function (convoluted
with IRF) to the kinetic vectors of a selected number of singular values
(excluding those due to noise). As a result of the analysis, the char-
acteristic time constants were obtained as well as the wavelength-de-
pendent amplitudes associated with them (also called decay-associated
difference spectra or pre-exponential factor spectra).

Electrochemical impedance spectroscopy measurements were car-
ried out in the dark or under 1Sun illumination. A response analyzer
module (M101/FRA32 M, Autolab) was used to analyze the frequency
response of the devices. For the measurements, a 10 mV voltage per-
turbation was applied over a frequency range of 10~ '~10° Hz (from the
highest to the lowest). Zview (Scribner) was used for equivalent circuit
modeling of the impedance spectra.

3. Results and discussion
3.1. Stationary absorption and photovoltaic parameters

Several SEM cross section images were used to estimate the thick-
ness of all layers in PSC prepared by a two-step method. The exemplary
picture is shown in Fig. 1A for the cell prepared by the two-step
method. On average, the thicknesses were the following: 350 nm of
fluorine-doped tin oxide, 50 nm of compact TiO,, 250 nm of mixed
mesoporous TiO, layer and perovskite, 200 nm of HTM and 100 nm of
gold. Within experimental error, all thicknesses were the same for all
HTMs studied.

The perovskite samples without deposited gold electrodes were in-
vestigated by stationary absorption measurements with integrating
sphere (to include the effect of the light scattered by TiO,
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Fig. 1. (A) Scanning electron microscopy cross-section image of the cells prepared with
spiro-OMeTAD as HTM. (B) Steady-state absorption spectra of S, S:X and X samples with
perovskite obtained by the two-step preparation method after subtraction of TiO, con-
tribution. The inset shows the absorption spectra after the subtraction of HTM and TiO,
contribution used to calculate Ny. (C) Current-voltage curves of the best perovskite cells
based on X60 (X) and spiro-OMeTAD (S) obtained in the reverse scan at rate of 0.5 V/s.

nanoparticles), and with the baseline measured for TiO, layers sub-
tracted (samples without perovskite and HTMs). Fig. 1B shows the re-
presentative spectra obtained for the sample produced by the two-step
perovskite deposition method. The effect of different HTMs is visible
below 410 nm: the sample with spiro-OMeTAD (abbreviated as S) ex-
hibits higher absorbance (by about 0.5) than that with X60 (abbre-
viated as X), while the intermediate absorption is obtained for the
HTMs mixture (spiro-OMeTAD:X60 at the volume ratio 1:1, abbreviated
as S:X). It can be noted that absorption differences occur only in the
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negligible region of 1Sun spectrum, therefore, they should not affect the
performance of solar cells. The absorbance above 410 nm is the same
for S, X and S:X samples, which confirms that the thickness and mor-
phology of the perovskite layer is not affected by using different HTMs.
The absorbance at 750 nm, near the excitonic edge of the perovskite, is
about 0.2 for the two-step method, and it allows us to estimate the
thickness of the perovskite layer by comparison with our previous re-
port for MAPDI; (absorbance 0.5-0.6 for 400-500 nm perovskite
thickness) [15]. Such an estimation gives the thickness of about 150 nm
of the perovskite layer obtained by the two-step method in our current
studies, and the measured absorbance and estimated perovskite thick-
nesses for the layers obtained by the other preparation methods are
collected in Table S1. The 150 nm thickness of the perovskite layer
produced by the two-step method is also in agreement with the thick-
ness of common mesoporous TiO, and perovskite layer observed in SEM
cross-sections (250 nm), taking into account that the mesoporous TiO,
layer is about 100 nm thick (see Materials and methods section). The
relatively small thickness of the perovskite (in comparison to the PSC of
the best sunlight conversion efficiencies) is mainly dictated by the re-
quirement of sufficiently transparent samples in transient absorption
experiments. The stationary absorption data were also used to calculate
the number of photons absorbed by the perovskite layer, Ny, which will
be used below to calculate the relative photocurrent of our cells. The
value of N,, was obtained from integration of stationary absorptance
spectrum (after the subtraction of contributions of both TiO, and HTM)
multiplied by the photon flux spectrum from AM 1.5G data. For the
two-step method, N,;, = 8.9 X 10%° s 'm~2 (inset in Fig. 1B).

Photovoltaic parameters of the constructed solar cells were ex-
tracted from the current-voltage curves measured under 1Sun illumi-
nation. They are collected in Table 1 for 0.5 V/s reverse scan for several
measurement series of different samples. For each sample, the best
within 6 different gold contacts was selected, with typical variation of
the photocurrent of about 10% for different contacts. The values of the
parameters presented in Table 1 show quite high fluctuations, yet they
are explicitly presented to visualize the important trends, which will be
discussed below. The fluctuations should be related to the different
preparation methods, sensitivity of prepared PSC to the small variations
in the handmade construction of the devices, and limited beam
homogeneity of our sunlight source with respect to professional solar
simulators (thus, additional deviations might be due to sample posi-
tioning in the current-voltage measurements in different series). For the
method which gave the best results (two-step), the differences between
the photocurrents and efficiencies of samples with the same HTM are
usually less than 20% (Table 1).

Our cells exhibit severe hysteresis effect [26,27], typical of the

Table 1

Photovoltaic parameters for the best cells from each series with perovskites obtained by
different synthesis method and for different precursor concentration: open circuit voltage
(Voe), fill factor (FF), short-circuit current density (Jsc) and efficiency. J-V curves were
obtained for 500 mVs ™' reverse scan rate.

Synthesis method Sample Voc (mV) Jsc (mA/  Fill factor Efficiency (%)
cm?)

two-step (1st S 903 13.9 0.56 7.0
series) X 656 10.5 0.51 3.5
two-step (2nd S 906 16.5 0.64 9.6
series) X 875 17.2 0.62 9.3
two-step (3rd S 800 15.8 0.62 7.8
series) X 796 17.2 0.57 7.8
S:X 842 16.9 0.58 8.2
one-step (1:1), 1M S 755 13.6 0.51 5.2
PblL," X 794 13.1 0.43 4.4
one-step (1:1), S 906 9.5 0.54 4.7
0.55 M Pbl," X 764 9.7 0.51 3.8
one-step (3:1), 1M S 665 8.4 0.59 3.3
PbCly" X 669 9.6 0.36 2.3

@ (MAL:PbI, or MAL:PbCI, ratio in precursors solution).
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selective contacts and the preparation method used. It is illustrated in
Table S2, which presents the exemplary photovoltaic parameters mea-
sured under different scan speed and direction. One of the most prob-
able explanations of hysteresis effect in PSC is the combined effect of
ion migration and charge trapping at perovskite interface [26]. It is
especially often observed for the cells with perovskite-titania interface
(e.g. the opposite to perovskite-PCBM interface) [27]. Significant over-
layer of pure perovskite (for planar TiO, or thin mesoporous TiO,) [28]
and small crystal sizes of perovskite [29] also enhance hysteresis effect,
which might explain our observations.

The current-voltage curves for the cells with the best sunlight con-
version efficiency are presented in Fig. 1C. The efficiency close to 10%
is obtained for the cells prepared by the two-step method (9.6% for the
cell with spiro-OMeTAD and 9.3% for the cell with X 60). It is more
than twice smaller than the best records for PSC (22%), but the small
thickness of the perovskite layer should be taken into account. There-
fore, we calculated the parameter called total APCE (APCE — absorbed
photon per current efficiency), describing the relative photocurrent of
the cells per the number of absorbed photons. It is defined as the total
APCE = Jgc/e Npy, where Jgc is the short circuit current density, and e is
the elementary charge. In our best configurations these values are close
to 100%. For example, taking the average Jsc = 14 mA/cm? from the
reverse and forward scans (16 mA/cm? and 12 mA/cm?, respectively),
and N, = 8.9 x 10%°s™'m ™2 the total APCE is equal to 98% for the
two-step method. Very efficient charge separation at 0 V bias is also
confirmed in the independent measurement of IPCE spectra. After the
correction for absorption, the APCE spectra show values close to 100%
in 600-800 nm range (Fig. S2). For shorter wavelengths these values
drop, which might indicate that when the photons are mainly absorbed
close to TiO, interface, the longer diffusion distance towards HTM
decreases the charge separation efficiency. Moreover, our cells exhibit
remarkable stability when kept in the dark but under normal atmo-
spheric conditions. It can be seen from Table S3 that the parameters of
the cells do not change significantly even 7 weeks after preparation.
Therefore, we can conclude that the two-step preparation method under
simplified conditions (without glovebox but under the presence of
oxygen and moisture during the preparation of precursor solutions and
spin-coating, and with only dry nitrogen flow during heating of the
samples) led, in our experiment, to stable and relatively efficient
MAPDI; cells, at least for small perovskite layer thickness.

For the other control one-step preparation methods, the relative
photocurrent was usually significantly smaller than for the two-step
method with 0.55 M Pbl,. Only for the samples with the thinnest per-
ovskite layer of 100 nm (with precursors concentrations of 0.55M,
Table S1) the relative photocurrent, (Js¢c of about 10 mA/cm?, Table 1)
was similar to that of the two-step method. For higher precursors
concentrations, despite thicker perovskite layer (250 or 300 nm, Table
S1), the photocurrent was lower than that for the two-step method. This
indicates that for thicker perovskite layers the quality of the perovskite
film is not good enough, and, probably, in such case more rigorous
preparation conditions with the glovebox are required.

The photovoltaic parameters in Table 1 can be used to compare the
cells made with spiro-OMeTAD and X60. The spread of the parameters
values is significant, like in many PSC studies, however, some clear
trends can be observed. Interestingly, the trends are not only present for
the best cells prepared by the two-step method, but also for the control
cells produced by the one-step method under different MAI:PbI, pre-
cursor concentrations and compositions (1:1 or 3:1, all iodide or mixed
halide). To take advantage of many measurements performed, we cal-
culated and averaged the relative differences of the photovoltaic
parameters between S and X cells from 6 series of experiment presented
in Table 1. Within the experimental error, the photocurrent for both
HTMs is similar (AJsc/Jsc = 0.2 £ 5.5 %, although the best Jg¢ is
16.6 mA/cm? for S and 17.2 mA/cm? for X), while the open circuit
voltage is higher for the cells with spiro-OMeTAD by AVoc/
Voc = 9.1 = 4.8 %. The largest difference is in the fill factor values,
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which are better in S cells by AFF/FF = 13.4 = 5.4 %, thus the overall
sunlight conversion efficiency is better by 19.7 + 7.6 % (relative in-
crease). In the experimental series in which S:X cells were also mea-
sured, their photovoltaic parameters were placed between those of S
and X cells (Table 1 and Table S3).

3.2. Electrochemical impedance

Electrochemical impedance spectroscopy studies brought the in-
formation about the time constants of bulk and interfacial charge re-
combination, occurring on time scales from sub-milliseconds to sec-
onds. The impedance measurements were performed for the selected
cells prepared by the two-step method without illumination or under
1Sun conditions, for different applied bias voltages, spanning from
600 mV to 950 mV in 50 mV increments. Typical Nyquist plots are
shown in Fig. S3A. In line with other studies of PSC, three frequency
regions with separate semi-arcs can be distinguished: high-frequency
(HF), mid-frequency (MF) and low-frequency (LF). The LF part
( < 10-100 Hz) is usually interpreted as due to slow ionic motion in
the perovskite [30,31]. In our cells the LF signal showed inductance
behavior as obtained from measurements in the dark (positive Z” part
in Fig. S3A), in line with several reports on PSC [21,32], while under
1Sun illumination the third arc appeared in this region. Therefore, we
excluded the LF part from the fit and used equivalent circuit with two
RC elements (one for HF and another for MF part) and series resistance.
In fact, typically of impedance analysis, constant phase elements were
used instead of capacitors for better fit quality, but the fitted exponent
(0.8-1.2) was close to the value of the capacitor (1). Moreover, the HF
part sometimes extended above the frequency range of our analyzer
( > 1 MHz), especially for the experiments with high bias voltage and
under illumination, so the extracted HF parameters might be charged
with considerable uncertainty. Therefore, below we will concentrate on
the analysis of the MF part.

Fig. 2A presents exemplary MF lifetimes under different bias vol-
tages, and similar results for another solar cell series are shown in Fig.
S3B. The lifetimes are calculated as the product of MF resistance and
MF capacitance. In line with other reports for PSC [15,21], the capa-
citance values (0.1-0.5 uF) do not exhibit, within experimental error,
any voltage dependence. This dielectric capacitance is by about an
order of magnitude higher than in our previous studies of PSC with a
similar active area [15], which agrees with the difference in the per-
ovskite thickness between the previous and current cells. Thus, the
changes in MF lifetimes under different applied voltage reflect the MF
resistance behavior. This lifetime in the dark is significantly longer for
X samples than S ones, while the cells made with the mixture of spiro-
OMeTAD and x 60 show intermediate behavior (Fig. 2A and S3B). MF
lifetime is determined by the charge recombination inside the per-
ovskite layer and at the interfaces with TiO, and HTM
[15,20,22,33,34]. During the preparation, HTM was deposited on the
top of all other layers, so we assume that the bulk recombination and
that on TiO, interface was the same for S, S:X and X cells. Therefore,
the differences in the lifetimes reflect different charge recombination
between HTMs and MAPDbI;.

Interestingly, slower charge recombination for the cells with X60
does not influence the overall charge separation efficiency, since the
photocurrent and photovoltage are similar for X and S cells. The slower
recombination for X samples is also hard to explain on the basis of the
differences in the parameters of both materials [11]. The redox po-
tential of X 60 was reported to be slightly more positive with respect to
that of spiro-OMeTAD (0.65 and 0.63 V vs. NHE), and hole mobility is
even higher for X60 (19 x 10 °em?Vv~ts7! vs.
8.1 x 10 °em?V~'s™! for spiro-OMeTAD). Therefore, interfacial
factors seem to be more important, which will be also indicated in the
next section. However, it should be noted that both X60 and spiro-
OMeTAD were deposited using the same method, with the same con-
centration and with the same amount of additives (TBP and Li-TFSI)
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Fig. 2. (A) Mid-frequency (MF) lifetime of S and X cells (two-step method preparation)
measured by electrochemical impedance in the dark and under 1Sun illumination. (B) MF
resistance under 1Sun; ideality factors m are calculated from fitting (solid lines) the ex-
ponential function: R = Ry exp(-Ve/m kT).

that were used in the previous studies using X60 [11,12]. It should be
noted that the concentrations of additives were optimized for spiro-
OMeTAD, thus, as suggested, perhaps some improvement in the per-
formance of X60 cells can be obtained by varying the amount of TBP
and Li-TFSI [12].

To explain smaller fill factor of the cells with X60, the impedance
results under 1Sun conditions must be taken into account, when pho-
toinduced excess carriers are present in the perovskite. Despite more
relevance to the operating conditions, the impedance studies of PSC
under illumination are relatively rare [15,35], probable due to the
problems with sample stability. MF lifetimes under illumination suffer
from much higher shortening for X than for S cells (e.g. Fig. 2A).
Moreover, the voltage dependence of MF resistance under 1Sun can be
analyzed. As shown in Figs. 2B and S3C, the semi-log plots of resistance
vs bias voltage are steeper for S than X cells, and the fitted exponential
function gives better ideality parameter m for the former than for the
latter cells. In the series of experiments involving the S:X solar cells, the
values of their m parameter lie between those of S and X (Fig. S3C:
m = 6.8 for S, m = 8.1 for S:X, and m = 23.0 for X). Therefore, worse
charge separation in the cells with X60 under high bias occurs only
when high density of electrons and holes in MAPbI; is induced by il-
lumination. It might be related to the different hole injection rate
constants, revealed in the next section.

3.3. Transient absorption

Femtosecond transient absorption was performed under excitation
at 600 nm in 3 ns time window in the spectral range between 610 and
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Fig. 3. Femtosecond transient absorption experiment results (pre-exponential factor
spectra obtained from two exponential global fit) for (A) X60 and (B) spiro-OMeTAD
based solar cells for pump energy density 2.5 pJ/cm?. (C) Plots of the rate constants of the
longer component in transient absorption global analysis as a function of pump pulse
energy density. The solid lines show the linear fits to the data.

850 nm. The measured evolution of the transient absorption spectra
was similar as in our previous studies [15], therefore we applied ana-
logous two-exponential analysis of the transient absorption spectra. As
a result, we obtained the wavelength-dependent amplitude spectra of
the two components, which are shown in Fig. 3A-B for exemplary S and
X cells prepared by the two-step method and for the pump energy
density 2.5pJ/cm? The faster, sub-ps component has a shape char-
acteristic of the band-edge shift (derivative of the absorption band), and
it is due to charge cooling and/or exciton dissociation [36-38]. Its
values are similar for the cells with spiro-OMeTAD and X60 under the
same energy density of the pump pulse. The second component of single
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nanoseconds time constants (for the pump energy density below 10 pJ/
cm?) has a characteristic band dominated by negative bleach of the
perovskite long-wavelength excitonic band with a minimum at 760 nm
(Fig. 3A-B). This longer time constants represent the decay of the po-
pulation of excited carriers, whose dynamics is determined by the
charge recombination within the perovskite material and charge
transfer to TiO, and HTM [15,39,40]. In our previous work we pro-
posed a method in which recombination contribution could be sub-
tracted by the analysis of the longer component rate constants as a
function of pump pulse energy [15]. An example of such an analysis is
presented in Fig. 3C for the cells in the current study. As can be seen, a
linear relationship confirms that the recombination is dominated by the
second order process, at least for energy densities below 60 wJ/cm?.
However, we observed large spread of both slope (due to the second
order recombination) and intercept values (due to the first order re-
combination) of the fitted linear functions, even for the same cell
measured at different spots. Most probably, the charge recombination is
more heterogeneous in our present samples than those used in the
previous studies, so it is difficult to use the intercept values to extract
interfacial charge transfer rate constants.

In this study we are only interested in a comparison between the
hole transfer rates to different HTMs, therefore we applied a simplified
approach. The difference between the rate constants of the longer
component in S and X samples, Ak, is considered as due to different hole
transfer rate from the perovskite to HTM. It is based on the assumption
that the first order recombination within the perovskite and charge
transfer to TiO, are, on average, the same for the cells with both HTMs,
because the thickness and morphology of the TiO, and perovskite layers
are not affected by different HTM’s deposited on top of them. Similarly,
the contribution of second order recombination should be similar in the
samples of different HTMs, yet to minimize the influence of the possible
fluctuations in the second order recombination rate constants, the re-
sults obtained for the lowest pump pulse energy were only taken into
account in each series. Table 2 presents such results obtained in several
measurement series for different samples. In most of the sample pairs
the time constants were faster for S than X cells. It is true for both two-

Table 2

Lifetimes of the listed cells with perovskites obtained by appropriate synthesis methods
and Pbl, concentration in precursor solution obtained from femtosecond transient ab-
sorption global fit for small pulse energy to neglect second order recombination processes.
Rate constants difference for each X and S sample pair and average difference Ak is given.

Synthesis Pulse energy ~ Sample Lifetime (ns) Rate constants
method density (uJ/ difference, Ak (ns™1)
cm?)
One-step (3:1), 8 X 1.25 0.06
0.55M S 1.16
PbL,"
One-step (3:1), 8 X 2.2 0.02
0.55 M S 2.1
PbL,"
One-step (1:1), 5 X 6.7 0.01
0.55M S 6.3
PbL,"
One-step (1:1), 5 X 4.4 0.01
1M Pbly" S 4.3
Two-step 7 X 2.3 —-0.06
S 2.7
Two-step 2.5 X 3.9 0.01
S 3.8
Two-step 2.5 X 4.3 0.04
S 3.7
Two-step 8 X 3.6 0.04
S 3.1
Two-step 8 X 2.5 0.19
S 1.7

Average difference 0.036 = 0.022

@ (MAL:PbI, ratio in precursors solution).
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step and one-step preparation methods (in the latter with both 1:1 and
3:1 precursor ratios), which confirms that different dynamics in spiro-
OMeTAD and X60 is an universal feature of MAPbI; perovskite. It
should be noted here that for 1:1 one-step method, the pre-exponential
factor spectra were different from those presented in Fig. 3 A-B, but
two-exponential global analysis with sub-ps and single-ns component
was still valid. We will present a more detailed analysis of this effect in
our forthcoming contribution.

The variation in Ak shown in Table 2 is significant, probable due to
the random variation in the first order recombination within perovskite.
However, we again took advantage of statistics, and calculated that the
rate constant of hole transfer from MAPDI; to spiro-OMeTAD was faster
than that to X60 by Ak = 0.036 + 0.022ns™ . In our previous studies
we determined the absolute value of hole transfer rate constant from
MAPbI; to spiro-OMeTAD as 0.06 ns~ . Thus, the hole transfer to X60 is
not more than twice slower, assuming that the hole transfer dynamics
in the cells with spiro-OMeTAD is the same in the previously and pre-
sently studied cells. However, the perovskite thickness in the presently
studied cells is smaller than in the previously considered ones, and it
was recently shown that charge diffusion dynamics plays an important
role in the overall time scale of charge injections to contact materials
[41]. Therefore, the relative difference between the hole injection in S
and X samples might be in fact much than twice smaller. Interestingly,
the slower hole injection into X60 does not lead to worse efficiency of
charge separation, since, as revealed in the first section, the photo-
current is the same for both S and X cells.

One of the explanations of slower hole injection in X60 cells could
be slightly more positive redox potential of X60 with respect to that of
spiro-OMeTAD (by about 20 mV [11]), which implies smaller driving
force for injection from MAPDbI;. On the other hand, slower hole
transfer to X60 correlates with slower charge recombination at per-
ovskite/X60 interface, shown by impedance spectroscopy in the dark.
This suggest that the interface properties and contact quality have
probably more important impact on the charge transfer dynamics [42].
In our previous studies we observed a similar correlation when com-
paring the performance of the cells with organic spiro-OMeTAD and
inorganic CuSCN as HTMs (with faster hole transfers for CuSCN) [15].
Therefore, the present results point to a more universal feature of
perovskite/HTM interfaces: higher coupling between the perovskite
and HTM results in a faster hole transfer in both directions (hole in-
jection and recombination).

Finally, we have also made some fluorescence control measure-
ments to confirm that the long component obtained in transient ab-
sorption really represents the carrier lifetime in MAPbI; perovskite. The
excitation energy was not precisely determined in luminescence tests,
so the absolute values of time constants cannot be compared. Despite
that, the relations between the lifetimes of X and S samples were the
same as that obtained from bleach decay in transient absorption. In the
measurements using streak camera detection over the entire fluores-
cence spectrum (650-900 nm) and upon excitation with 100 fs pulse at
500 nm, the average lifetimes of 2.5 ns and 2.1 ns were obtained for the
cells with X60 and spiro-OMeTAD, respectively (Fig. S4). In time-cor-
related single photon counting (TCSPC) experiment with 420 nm ex-
citation and detection at 780 nm, the stretched exponential function
described the emission decay profile (Table S4). The average time
constants were 1.25ns for X sample and 0.93ns for S sample.
Additionally, we also measured mixed S:X cell, for which the fluores-
cence lifetime (0.97 ns) was between that of X and that of S cells.

4. Conclusions

X60 (spiro(fluorene-9,90-xanthene)-based molecule, also called
SFX-MeOTAD) has been recently proposed as a cheaper alternative to
spiro-OMeTAD as the hole transporting material in perovskite solar
cells. We compare the performance of the cells made with a thin
(150-200 nm) layer of MAPbI; as the active perovskite, mesoporous
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TiO, as the electron transporting layer, and X60 or spiro-OMeTAD as
HTMs. The dynamics of the interfacial charge transfer occurring on the
time scales from femtoseconds to seconds was explored. Our cells were
prepared in normal room conditions (with the presence of oxygen and
moisture), but the photocurrent of the thin cells was high, of about
14 mA/cm?, for the given perovskite thickness. As confirmed by steady-
state absorption measurements using integrating sphere, it corresponds
to the absorbed photon to current efficiency (APCE) close to 100%.
Moreover, the cells exhibited remarkable stability over many weeks
when kept in the dark.

The cells with both HTMs have similar photocurrent and photo-
voltage, but the cells with X60 exhibit smaller fill factor than those with
spiro-OMeTAD. The overall hole injection from perovskite to HTM was
slower for X60 than that for spiro-OMeTAD (rate constant difference of
about 0.04 ns™ ! revealed from the bleach recovery dynamics in tran-
sient absorption measurements). On the millisecond time scale (in-
vestigated by electrochemical impedance spectroscopy), the charge
recombination under bias in the dark was also slower for X60 cells.
However, the acceleration of charge recombination under illumination
was much more pronounced for the cells with X60 than for those with
spiro-OMeTAD, resulting in a worse ideality factor in the former than in
the latter cells. The cells with the 1:1 mixture of spiro-OMeTAD and
X60 show intermediate behavior in all aspects, revealing that a simple
combination of small molecule transporters can be used to tune the
properties of HTM. The best sunlight conversion efficiencies were ob-
tained for the two-step perovskite preparation method, but the validity
of the differences between X60 and spiro-OMeTAD was also confirmed
for other popular one-step methods.
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Table S1.

Perovskite absorbance, thickness and precursors concentrations used in given solar cell preparation
processes. The thickness is estimated from the absorbance value.

Absorbance at exciton Estlmated Precursors concentrations
Sample thickness of ) )
band (750 nm) perovskite layer used in the preparation
MAI 0.05M
two-step 0.2 150 nm
Pbl, 0.55M
one-step (1:1), 0.15 100 nm MAI 0.55M
0.55 M Pbl, ' Pbl, 0.55M
one-step (1:1), 03 250 nm MAI M
1 M Pblx ’ Pbl, 1M
one-step (3:1), 03 250 nm MAI 1.65M
0.55 M Pbl, ’ Pbl, 0.55M
one step (3:1), 0.4 300 nm MAI 3M
1 M PbCl» ' PbCl, 1M
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Table S2.

Photovoltaic parameters for given samples for forward and reverse scan direction with different scan rate.

o Scan rate Jsc Fill Efficiency

Sample | Scan direction (mV/s) Voc (mV) (mA/em?) factor %)
0.5 766 15.9 0.60 7.3

reverse
S 0.1 801 10.8 0.63 5.4
0.5 771 9.6 0.48 3.5

forward
0.1 763 14.1 0.51 5.5
0.5 793 14.8 0.44 5.2

reverse
X 0.1 841 6.5 0.53 2.9
0.5 772 12.1 0.39 3.6

forward
0.1 772 7.3 0.43 2.4
reverse 0.5 800 16.1 0.54 6.9

S:X

forward 0.5 798 13.0 0.45 4.7
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Photovoltaic parameters for the cells measured at different time after fabrication: open circuit voltage

(Voc), fill factor (FF), short-circuit current density (Jsc) and efficiency. J-V curves were obtained for 500

mVs™! reverse scan rate.

Synthesis

Time after

) . . o
method preparation Sample | Voc (mV) | Jsc (mAcm™) | Fill factor | Efficiency (%)
S 707 15.2 0.54 5.8
two-step fresh X 656 10.5 0.51 35
(1st series)
4 davs S 903 13.9 0.56 7.0
y X 726 10.0 0.30 22
S 906 16.5 0.64 9.6
fresh
X 888 14.7 0.42 5.5
(;rmo;itreieps) 4 dave S 923 16.6 0.61 9.4
Y X 875 17.2 0.62 9.3
S 925 14.4 0.66 8.8
6 days
X 895 15.3 0.60 8.2
S 800 15.8 0.62 78
fresh X 796 17.2 0.57 78
S:X 842 16.9 0.58 8.2
S 815 12.9 0.57 6.0
3 days X 852 15.7 0.45 6.0
S:X 873 143 0.49 6.1
two_step S 859 13.7 0.59 6.9
(3rd series) 13 days X 861 16.3 0.46 6.4
S:X 892 15.7 0.52 72
S 847 13.9 0.56 6.6
39 days X 858 14.2 0.38 4.6
S:X 889 15.2 0.49 6.6
S 900 15.5 0.54 75
47 days X 922 14.9 0.41 5.6
S:X 888 14.4 0.54 6.9
S 849 7.8 0.56 3.7
fresh
e (111 X 823 9.3 0.37 2.9
one-step 1),
M PbL S 755 13.6 0.51 52
4 days X 794 13.1 0.43 4.4
X 669 9.6 0.36 23
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(A)

Figure S1. Chemical structure of spiro-OMeTAD (A) and X60 (B).

1.0
0.81
0.6 1
0.41
——IPCE
021 —LHE
—— APCE
0.0 ;

400 500 600 700 800
Wavelength (nm)

Figure S2. Incident-photon to current efficiency (IPCE), light harvesting efficiency (LHE) and absorbed-
photon to current efficiency (APCE) spectra for the best solar cells prepared by two-step method with
spiro-OMeTAD as HTM. LHE is calculated as 1-104, where A is absorption from Figure 1B.
APCE(L)=IPCE(L)/LHE(ML).
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Figure S3. (A) Examples of Nyquist plots for different cells at bias voltage 750 mV measured by
electrochemical impedance. (B) Mid-frequency (MF) lifetime of S. S:X and X cells (two-step method
preparation) in the dark. (C) MF resistance under 1Sun; ideality factors m are calculated from fitting (solid
lines) the exponential function: R=R, exp(-Ve/m kT).
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Figure S4. Fluorescence decay (black) measured by streak camera under excitation at 500 nm with 100-fs

pulse (the integrated signal over 650-900nm). The fitted one-exponential function (red) gives the time
constant 2.1 ns for S (left) and 2.5 ns for X cell (right).

Table S4.

Results for photoluminescence TCSPC decay fit using stretched exponential function at 780 nm

(excitation at 420 nm) with average lifetime for different sample prepared by two-step method. The

stretched exponential function is defined as:

Ay = dg e

and the averaged lifetime is calculated as:

T
TAVG = F[j :
B
sample T (ps) B TAvVG (PS)
X 730 0.55 1250
S:X 305 0.41 970
S 320 0.42 930
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Differences in photoinduced optical transients in
perovskite absorbers for solar cellst

Katarzyna Pydzinska, @2 Jerzy Karolczak,?® Marek Szafranski® and Marcin Ziotek @ *2

Methylammonium lead iodide films and powdered crystals were studied by time-resolved absorption and
emission spectroscopy on the time scales from femtoseconds to nanoseconds. Strikingly different transient
absorption signals were observed, changing from strong long-wavelength band-edge bleach to weak
signatures of band-shift, which depended on the absorber form (films or polycrystals) and preparation
method (stoichiometric or non-stoichiometric). The observed differences were correlated with the
variation in absorption and emission spectra, changes in photo-induced carrier lifetimes and solar cell
efficiency. These differences also pointed out that similar perovskite absorbers can provide significantly
different transient responses and emphasize that special care must be taken when interpolating the

rsc.li/rsc-advances

Introduction

The best sunlight conversion efficiencies of perovskite solar
cells (PSC) have improved exceptionally fast in the last few years,
currently exceeding 22% (certified 22.7%)."* Among emerging
photovoltaic systems, PSCs are the most intensely developed
solar cells. Concurrently, there has been a rapid increase in the
number of basic studies of the properties of perovskites
(particularly organo-metal halide type). These studies are aimed
at better understanding the intriguing and complex properties
of these organic-inorganic hybrids.* One of the most important
problems is the variety of preparation methods of perovskite
layers in solar cells,® which leads to differences in the materials
morphology and structure. Different crystallographic phases
might exhibit different spectroscopic properties.®” It is also not
clear how the findings for isolated perovskite crystals are rele-
vant to the materials properties in solar cell configurations,
where thin perovskite films are formed on mesoporous
substrates and exposed to light and current flow. Organo-
metallic halide perovskites are also widely studied in applica-
tions such as lasers and light-emitting diodes.**® Similarly for
solar cell efficiency, the morphology of perovskite films are
crucial to their luminescence properties; for example, the strong
effect of the precursor's stoichiometry on the optical properties
has recently been reported for MAPbBr;."*

The most characteristic feature in time-resolved absorption
studies of perovskite films is the strong bleach signal observed

“Faculty of Physics, Adam Mickiewicz University in Poznan, Umultowska 85, 61-614
Poznan, Poland. E-mail: marziol@amu.edu.pl

Center for Ultrafast Laser Spectroscopy, Adam Mickiewicz University in Poznan,
Umultowska 85, 61-614 Poznar, Poland

T Electronic supplementary information (ESI) available: Fig. S1-S9. See DOI:
10.1039/c8ra00579f

This journal is © The Royal Society of Chemistry 2018

obtained findings to the processes occurring in the most efficient devices.

at the long-wavelength band-edge. The formation and recovery
dynamics as well as the changes in the spectral shape of this
bleach are used to determine many key properties of the
perovskites, such as the carrier recombination mechanism,
order and dynamics,””*® the electron and hole cooling and
exciton dissociation times,'*'® and the carrier diffusion and
charge-transfer rate constants with contact materials."®>* In
general, the bleaching (or ground state depopulation) signals
are the most common sample responses in transient absorption
measurements, occurring as negative absorption changes (A4)
due to a decrease in the possible optical transitions after pump
excitation. For organic molecules the excitation will block the
transitions from the ground state to all electronic excited states,
resulting in multiple negative bleach bands resembling the
ground state absorption spectrum. However, in semi-
conductors, due to the delocalized nature of the carriers in
valence and conduction bands, after the excitation, the elec-
trons will relax to the conduction band energy minimum and
the holes will “move” to the valence band maximum. Therefore,
irrespective of the initial excitation transition, after charge
cooling only the lowest energy transitions (from the top of the
valence band to the bottom of the conduction band) will be
blocked. This process, called state-filling, is responsible for the
strong bleach at the band-edge of direct bandgap semi-
conductors.">**** It has been shown for perovskites that both
electrons and holes contribute to the bleach signal.****

Such band edge bleach dominates in most of the studied
perovskites. However, in some works the disappearance of this
signal has been reported. For example, a blue shift instead of
population bleaching at the band-edge was reported when
perovskite dimensionality decreased from 3D to 2D.***” The
bleach was observed for the three-dimensional CH;NH;PbI;
perovskite, but for the two-dimensional sample

RSC Adv., 2018, 8, 6479-6487 | 6479
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(C4HoNH;1),(CH3NH;1),, 4(Pbl,),, it was only present for n = 3.
In this study we add more insight into the origin of the bleach
signals in perovskites by reporting the cases of its disappear-
ance in 3D perovskite samples. We chose the most commonly
studied MAPbI; (MA = CH3NH;) perovskite and compared the
samples prepared by several typically used methods. The ob-
tained results are correlated with changes in the optical spec-
troscopy properties of the materials.

Experimental section
Sample preparation

Samples of five different perovskite forms were prepared and
used for the spectroscopic studies: powdered crystals (C), two
films prepared by a non-stoichiometric process (NS) and two
films prepared by a stoichiometric method (S). The abbreviation
of sample names and the preparation methods are outlined in
Table 1. The films were prepared both on FTO glass (glass with
a fluorine doped tin oxide layer), FTO glass with titania and in
full solar cell configuration. For emission studies, finely
powdered crystals were used, but it was not possible to prepare
the full solar cell configuration from them.

The MAPDI; crystals were prepared as described previously®®
and according to the slightly modified method described by
Poglitsch and Weber.* Briefly, the synthesis was performed in
concentrated water solution of MAI and HI. The solution was
heated to about 100 °C and then, lead(u) acetate, dissolved in
hot water, was slowly added with continuous stirring until
a black precipitate was formed. Black crystals of MAPDbI; with
well-developed faces grew out of the solution as it slowly cooled
down to about 45 °C. At this temperature, the crystals were
taken out of the solution and dried to prevent the formation of
hydrates. The single-crystal and powder X-ray diffraction
experiments evidenced that the crystalline material obtained
was pure MAPDI; in its tetragonal phase of space group I4/
mem.”?®

The details of the preparation of the perovskite films and the
solar cells using a spin coating technique have been described
in our previous study.?” Titania structure on FTO glass (Sigma
Aldrich, 13 Q sq ') was prepared by sequential deposition of the
compact layer (from titanium isopropoxide ethanol solution),
~100 nm mesoporous particles layer (from water suspension of
titanium dioxide nanoparticles, 15-20 nm diameter, Solaronix)
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and an additional ultrathin dense TiO, blocking layer (by
dipping in 0.05 M TiCl, water solution). The two-step method
was used for the first type of perovskite films (NS1), which
consisted of sequential deposition of Pbl, in dimethylforma-
mide (DMF, 0.55 M, Sigma Aldrich) and then, after annealing at
100 °C, deposition of methylammonium iodide (MAI, Dyenamo,
0.05 M) in 2-propanol. The final thickness of the MAPDbI; layer
was close to 150 nm. For the second sample prepared via non-
stoichiometric method (NS2), we applied the one-step method
with the precursor solution of MAI (1.65 M) and Pbl, (0.55 M) in
DMF, thus having a precursor molar ratio of (3 : 1). The one-step
method was also used to prepare the perovskite layer in the
stoichiometric way. For the first sample (S1), 0.55 M of both MAI
and PbI, in DMF were prepared, while for the second sample
(S2), we directly dissolved MAPDI; crystals in DMF at a 1 M
concentration, having an exactly (1:1) molar ratio. Due to
different precursor concentrations, the S1 and S2 samples also
differed in their perovskite layer thicknesses, which were about
100 nm and 250 nm, respectively. To make the complete solar
cell, 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spi-
robifluorene (spiro-OMeTAD) was spin coated on the top of the
perovskite layer and gold electrodes were deposited by sput-
tering using a mask with several 0.05 cm” apertures that defined
the active surface of the cells.

Sample characterization

The current-voltage curves were measured using an Autolab
M101 potentiostat coupled to a photoelectric spectrometer
equipped with a solar simulator (Instytut Fotonowy-Photon
Institute, Poland). The intensity was adjusted to provide 1 sun
illumination (100 mW cm™?) using a xenon arc lamp with an
AM 1.5G spectral filter and calibrated using a reference cell
(15151, ABET). The absorption spectra were obtained using
a Jasco V-700 spectrophotometer equipped with a 150 mm
integrating sphere (LN-925). The film samples were placed
before the integrating sphere; thus, both transmitted and
scattered light were measured. The powdered crystal samples
were placed after the integrating sphere; thus, the reflected light
was collected and the light intensity data were transformed
using the Kubelka-Munk function (KM) to compare the data
with the absorbance of the films. The time-resolved emission
measurements in the ps—ns time window were performed using
a time-correlated single photon counting technique (TCSPC).*

Table 1 Stationary and transient absorption data for the measured samples

Sample name Preparation method Absorption Aonset” AA amplitude (at 5 ps) AA lifetime AA shape‘ (at 5 ps)
NS1 Two-step 765 nm 0.02 ~2ns Band-edge bleach
NS2 One-step (3: 1) 765 nm 0.02 ~2 ns Band-edge bleach
S1 One-step (1: 1) 766 nm 0.002 ~6 ns Derivative

S2 Dissolved crystals (1 : 1) 771 nm 0.002 ~6 ns Derivative

C Crystal powder” 808 nm — — —

“ Not in a solar cell configuration. ? Position of long-wavelength band, calculated as the maximum of the first derivative of the absorption spectrum.
¢ Transient absorption shape in the long-wavelength region (650-850 nm): strong negative signal (band-edge bleach) or derivative-like shape with

positive signal in the blue region and negative signal in the red.
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The same setup was used to measure steady-state emission
spectra. The excitation wavelength was set at 420 nm. The ob-
tained emission decay kinetics were not single-exponential.
Therefore, they were fitted with a stretched exponential func-

8

t
tion: I(t) = I, exp{ (—) }; then, the average lifetime was

T
T (1
=I'(—].
(3

The setup for ultrafast broadband transient absorption has

been described before (Helios spectrometer, Ultrafast Systems,

calculated using the following equation: tayg =

and Spectra Physics laser system).** The instrument response
function (IRF, pump-probe cross-correlation function) was of
about 200 fs (full width at half-maximum, FWHM). The pump
pulse energy of 1 nJ corresponds to the pump pulse energy
density of 0.5 pJ cm ™% An important modification of the tran-
sient absorption setup with respect to the standard commercial
configuration was the use of a filter that suppresses the residual
800 nm white light continuum before the sample in order to
avoid pump-and-dump artifacts.'*** Femtosecond transient
absorption was performed under excitation at 600 nm in a 3 ns
time window in the spectral range between 440 and 850 nm.
Global analysis of the transient absorption data was performed
using the Surface Explorer software (Ultrafast Systems). It was
used to fit a multi-exponential function (convoluted with IRF) to
the kinetic vectors of a select number of singular values
(excluding those due to noise). As a result of the analysis, the
characteristic time constants were obtained as well as the
wavelength-dependent amplitudes associated with them (also
called decay-associated difference spectra or pre-exponential
factor spectra). At least two samples of the same type were
measured in at least three different spots to confirm the
recurrence of the results.

Results and discussion
Stationary spectra, time-resolved emission and photovoltaic
properties

Stationary absorption spectra of representative samples are
shown in Fig. 1. The third column in Table 1 lists the positions
of the long-wavelength absorption edge of each perovskite
material. Due to uncertainty in the appropriate measurement
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of the absorption tail, it is calculated as the maximum of the
first derivative of the absorption spectrum; thus, it roughly
represents the middle of the rising slope of the absorption
onset. The absorption is slightly red-shifted for the samples
prepared in stoichiometric proportions and it is significantly
red-shifted for the crystals with respect to the film samples.
Further differences can be observed when comparing the
absorption shape in the shorter wavelength range (Fig. 1). For
NS1 and NS2 samples, the absorbance at around 480 nm is
about 4 times higher than that at the band-edge with a shape
that clearly indicates the presence of another band. The origin
of this additional band is under debate in the literature. The
most common interpretation is that it is due to the transitions
involving higher energy conduction bands or lower energy
valence bands."?** Another explanation is that the band repre-
sents the molecular-like charge-transfer (from I to Pb) transition
in the perovskite inorganic framework'>** or that it contains the
contribution from Pbl,.***¢ For samples S1 and S2, the band
between 450 and 500 nm is much weaker, while for sample C, it
is almost absent. This difference can also be visualized in the
photos of the samples (Fig. S1 in the ESIf). The samples
prepared with a non-stoichiometric precursor ratio are light-
brown in color due to some red light that is transmitted
through the films. In contrast, both films prepared at (1: 1)
precursor ratio and the powdered crystals are almost black.
Further differences between the samples are revealed from
the emission studies. Stationary emission spectra are presented
in Fig. S27 and their maxima are listed in Table 2. The spectra
are red-shifted from 780 nm to 813 nm for the samples in the
following order: NS1 < S1 < S2 < C. In line with the changes in
the emission maxima, the fluorescence lifetimes measured at
780 nm also change (Table 2). Influence of the preparation
method on the emission maximum shift has also been observed
by Mokhtar et al. who reported that the red-shifting fluores-
cence maximum accompanies a two-step to one-step method
transition.”” The lifetime is the shortest for the NS1 sample (1
ns) and the longest for the C sample (6 ns). The differences are
also visualized in the decay kinetics presented in Fig. S3.1 For
the powdered crystal sample, the lifetime is exclusively due to
electron-hole recombination, while for the film samples it
might also be affected by charge transfer rates to TiO, and spiro-
OMeTAD. In our previous studies we estimated the charge
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3.0
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0.0 ( ‘)
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Fig. 1 Stationary absorption spectra of the samples studied after TiO, film contribution subtraction (A) and Kubelka—Munk function of sample

C (B).
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Table 2 Emission and photovoltaic data for the measured samples

Sample name Preparation method Emission maximum Emission lifetime” at 780 nm Js°, mA cm > Total APCE“
NS1 Two-step PVSK 780 nm 1ns 16.6 98%

S1 One-step (1:1) 787 nm 2 ns 9.5 80%

S2 Dissolved crystals (1 : 1) 792 nm 3 ns 13.6 81%

C Crystal powder® 813 nm 6 ns — —

“ Not in a solar cell configuration. ” Obtained from fitting emission decay kinetics with a stretched exponential function and then calculating the
average lifetime. © The best obtained short-circuit current density for a given sample. ¢ The relative photocurrent of the solar cell defined in the text.

transfer rate constant from MAPbI; to mesoporous TiO, to be
0.11 ns™ " and the rate constant from MAPbI; to spiro-OMeTAD
to be 0.06 ns '.® If such values are subtracted from the
measured fluorescence decay rates, the rate constants due to
charge recombination are 0.83 ns™* for NS1, 0.33 ns™ " for S1,
and 0.17 ns™ " for both S2 and C. Thus, charge recombination is
significantly faster in the samples prepared by the non-
stoichiometric precursor ratio than in either those prepared
from the stoichiometric mixture or in the crystals.

In the emission spectra, a small band at 580 nm can be
noticed (Fig. S2Bft), which probably originates from the
absorption band at 480 nm. Its amplitude is several hundred
times smaller than that of the main long-wavelength emission.
The emission lifetime measured in this short-wavelength range
is around 100 ps, which is much shorter than that at 780 nm.
However, its presence indicates that the absorption at 480 nm is
due to the existence of another band that is not directly coupled
to the lowest conduction band in MAPDI;, otherwise all carriers
would relax to the lowest energy band and the short-wavelength
emission would not be detectable.

Finally, photovoltaic parameters were also measured for the
solar cells prepared from MAPDI; film samples. The best effi-
ciency of about 10% was obtained for the two-step method
(sample NS1) as reported in our previous contribution.”
However, the perovskite film thicknesses were small and
different for different samples. Therefore, the more relevant
parameter is the one we name total APCE (APCE - absorbed
photon per current efficiency), describing the relative photo-
current of the cells per the number of absorbed photons. It is
defined as the total APCE = J./(eNpn), where J. is the short
circuit current density, e is the elementary charge, and Ny, is the
number of absorbed photons from 1 sun illumination, calcu-
lated from integration of the stationary absorptance spectrum
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Fig. 2
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of the film multiplied by the photon flux spectrum from AM
1.5G data. The values of J,. and total APCE are collected in Table
2. As observed for the NS1 sample, the relative photocurrent is
close to 100%, while for the samples prepared from the material
at stoichiometric precursor ratios (S1 and S2), the relative
photocurrent is lower (about 80%). The other photovoltaic
parameters and representative C-V curves were reported in our
previous contribution (fill factors 0.5-0.6, open circuit voltages
0.75-0.90 V).»

In summary, the “stoichiometric” MAPDbI; films exhibit
absorption and red-shifted emission and they have longer
fluorescence lifetime and lower relative photocurrent when
compared to the “non-stoichiometric” samples. The crystals
have even greater red-shifted absorption and emission and the
longest lifetimes.

Transient absorption

The most important and significant differences between the
investigated perovskite samples were observed in transient
absorption measurements. The most visible difference is the
amplitude of the signal. As shown in Table 1, the maximum
transient absorption signal (either negative or positive) is about
an order of magnitude smaller for samples S1 and S2 with
respect to that for samples NS1 and NS2. It should be noted that
the stationary absorbance of the samples at the excitation
wavelength 600 nm varied only between 0.2 and 0.4 and the
pump pulse energy density was between 5 and 8 pJ cm >
Hence, it cannot account for the observed changes in the signal
amplitude. In addition to the amplitude, the transient absorp-
tion signal shape also changes between samples. The exemplary
transient absorption spectra measured at 5 ps after excitation
are shown in Fig. 2. This time was chosen because after 5 ps, all
the carrier relaxation processes should be finished and the
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Transient absorption spectra at 5 ps after excitation (Aex = 600 nm) for the samples studied and the indicated pump pulse energy density.
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photoexcited electron and hole populations will be close to the
maximum (recombination times are in the nanosecond or
hundreds of picoseconds range). For the samples prepared via
the non-stoichiometric method (NS1 and NS2, Fig. 2A), the
dominant signal is the negative bleach with the minimum at
around 760 nm, corresponding to the perovskite absorption
edge. It should be noted that such a characteristic signal has
been most frequently reported in transient absorption studies
of perovskites,">***>192138 including our recent studies."®** The
origin of the positive signal below 700 nm in the second
component is not fully understood, but it is not a real transient
absorption feature due to electronic transition. The possible
explanations are that it is caused by a bandgap renormalization
effect®*® or by refractive index changes.*

In contrast, for the samples prepared via the stoichiometric
method (S1 and S2, Fig. 2B) the signal at around 760 nm is close
to zero with symmetric positive and negative transient bands for
the shorter and longer wavelengths, respectively. This shape is
characteristic of the first derivative of the absorption edge and
represents the transient blue-shift of this long-wavelength
absorption band. Thus, the positive signal occurs on the blue
side (more absorption upon the shift) and the negative signal on
the red (less absorption) side of the maximum of band-edge at
760 nm. We have also tried to measure the transient signals of
polycrystalline sample C by depositing the powder on FTO glass
via spin coating from hexane suspension to allow for
measurements in the transmission mode. No strong bleach
signal was observed in this preliminary test, similar to samples
S1 and S2. However, the deposition method yielded a very
inhomogeneous perovskite layer and a noisy transient absorp-
tion signal. Therefore, these results need confirmation with
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another deposition method, which we plan to conduct in future
studies.

No significant differences in the spectroscopic results
(except for a small variation in the lifetimes) were observed for
the same perovskite films prepared on FTO glass, FTO glass
with TiO, or in the full solar cell configuration. This indicates
that for the pump pulse energies used herein, the charge
transfer to TiO, and spiro-OMeTAD brings smaller contribu-
tions to the lifetime than the charge recombination as dis-
cussed above for emission decays. Moreover, for selected
samples, we were also able to collect the transient absorption
spectra below pump pulse energy (600 nm). As shown in
Fig. S4,f for the film samples prepared with the non-
stoichiometric ratio, the spectra at 5 ps shows another bleach
band at 450-500 nm, which is much weaker than that at around
760 nm. This band is correlated with the stationary absorption
band at around 480 nm. Interestingly, this bleach is absent in
the spectra of the films prepared with a stoichiometric ratio
(Fig. S41), which is in line with the much less pronounced band
at 480 nm in the stationary spectra (Fig. 1).

Further information from transient absorption measure-
ments is obtained through global analysis performed in the
range 610-850 nm for all of the samples. The results for the film
samples are presented in Fig. 3. For NS1 and NS2, two expo-
nential components can be used to fit the data for pulse energy
density below 10 pJ em ™2 and the interpretations of the spectra
and times are the same as those discussed in our previous
studies.'®* The faster, sub-ps component (200-300 fs for pump
pulse energy density about 8 uJ cm™?) has a shape characteristic
of the band-edge shift (derivative of the absorption band,
negative for shorter wavelengths and positive for longer
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Fig. 3 Femtosecond transient absorption experiment results (pre-exponential factor spectra obtained from a two-exponential global fit) for the
perovskite film samples studied and the indicated pump pulse energy density.
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wavelengths) due to charge cooling and/or exciton dissocia-
tion.'*'”*' The second component of the time constants of
about 2 ns for both samples has a characteristic band domi-
nated by the negative bleach of the perovskite long-wavelength
band (Fig. 3A and B). These longer time constants represent the
decay of the population of excited carriers, whose dynamics are
determined by the charge recombination within the perovskite
material and charge transfer to the contact materials. For pump
pulse energy below 10 pJ cm™> the bleach recovery can be
described by a first order process and well-fitted by a single-
exponential function,” while for higher energy the bleach
kinetics become non-single exponential due to the contribution
of second order recombination.*>*¢**

The two-exponential global analysis was also applied for the
film samples prepared via the stoichiometric method, but the
obtained spectra of the components were different (Fig. 3C and
D). The long-timescale decay of the excited carriers was asso-
ciated with the spectra having the band-edge derivative signal
(similar to the signal at 5 ps discussed above). The time
constants were about 6 ns for both samples S1 and S2 for the
excitation energy density in the range of 5-7.5 pJ cm > For
higher energy, the time constants become shorter and the one-
exponential fit becomes insufficient, indicating that higher
order charge recombination processes occur. The shorter
component (of time constant 300-400 fs) also has a spectrum
different from that observed for the “non-stoichiometric” films.
Interestingly, it is dominated by the negative bleach with
a minimum at around 760 nm, similar to the spectrum of the
longer component in samples NS1 and NS2. The lifetimes for all
samples are listed in Table 1. Due to the different excitation
conditions (longer excitation wavelength and smaller pulse
repetition rate) they are not exactly the same as those obtained
from the emission studies (Table 2), but the trends are consis-
tent: the shorter lifetimes are for samples NS1 and NS2 and
longer lifetimes for samples S1 and S2.

A (A)

Energy

k vector
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To account for the observed striking differences between the
MAPDI; samples prepared via different methods, we propose
that in the samples prepared via the stoichiometric method, the
photoexcited electrons and holes are somehow gathered
outside the edges of the conduction and valence bands,
respectively. Our explanation is schematically presented in
Fig. 4. For the film samples prepared via the most typical non-
stoichiometric method, upon excitation at 600 nm, the elec-
trons in the conduction band and holes in the valence
band relax to the minimum energy configuration (cooling times
<1 ps, faster component in the global analysis), which causes
the band state filling and is responsible for the strong bleach
signal observed at the absorption-edge transition (Fig. 4A). The
recovery of this bleach follows the dynamics of charge recom-
bination (nanosecond time scale for the small pump energy
densities used in our studies). In contrast, for the samples
prepared via the stoichiometric method, the cooling of elec-
trons and holes is finalized in the local states below the
conduction band minimum and valence band maximum
(Fig. 4B). Electron cooling is accompanied by short-term filling
of the conduction and valence bands. Thus, the spectrum of the
fast component in samples S1 and S2 contains a significant
contribution from the bleach signal at 760 nm (Fig. 3C and D).
When electron and hole are transferred to the trap states, the
direct transition to the absorption edge is possible. Therefore,
no bleach occurs in long-term transients and only a blue-shift in
the absorption transition (derivative-like shape of the spectrum)
is observed. This shift is due to the electric field induced by the
trapped electrons and holes modifying the band-edge transition
(Stark effect).’”*> Hence, the shift disappears on the nanosecond
time scale, according to charge recombination.

A similar explanation has been proposed for the blue-shift
signal and the lack of bleach in 2D perovskites as discussed
in the introduction.”®*” Unlike free carrier character for excita-
tion in 3D perovskites, a localization of excitation in 2D perov-
skite (Mott-Wannier exciton) was proposed, which only exerts

(B)

conduction
band

valence
band

k vector

Fig. 4 Scheme of the proposed mechanism explaining the transient absorption signals for the samples prepared in non-stoichiometric (A) and
stoichiometric (B) conditions. Green and red arrows represent the excitation (600 nm) and the absorption transition at the long-wavelength
edge, respectively. Dotted curves in (B) represents the effect of the blue-shift of the band-edge transition due to the electric field induced by the

localized electrons and holes.
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Fig.5 Four-exponential global analysis results of transient absorption data for sample NS2 (A) and S1 (B) for pump pulse energy density equal to

50 pd cm ™2 (Aex = 600 NM).

local influence on subsequent optical excitations (screening
reduces the exciton binding energy and, thus, results in a blue-
shift in the band-edge absorption). In our case, the localized
trap states for electrons and holes, which induce charge-
screening that affects the band-edge transition, are likely to
appear in the S1 and S2 samples. The charge recombination in
these samples is not faster than that in the NS1 and NS2
samples, but charge diffusion and separation in the cells made
of such perovskites with localized traps should be worse, which
is in agreement with the smaller relative photocurrent in the
samples prepared via the stoichiometric method.

Another possible interpretation is based on the involvement
of the indirect bandgap. The appearance of other conduction
and valence bands with energy minima/maxima slightly shifted
in the k-space has been suggested in recent studies of perov-
skites.**™* It is quite probable that the exact position of such
bands can be different for samples prepared via different
methods, whose structures can be distorted as a result of lattice
strains at the interfaces and local defects and impurities. If the
band position in the samples prepared via the stoichiometric
method are energetically more favorable than those of the main
bands that form a direct bandgap, the photo-excited electrons
and holes might be transferred to the main bands, thus
emptying the direct band-edge transition, which results in the
absence of the bleach signal.

We have also checked the effect of variation in pump pulse
energy density between 5 and 50 pJ cm~ > and observed that the
amplitude of transient absorption spectra varied linearly with
the excitation energy. The kinetics become shorter and dis-
played a non-single exponential due to the second-order charge
recombination as mentioned above and discussed previously.*
To have a sufficiently good fit, additional time components in
the global analysis are necessary and their amplitude spectra
are different. These spectra are shown in Fig. S5-S71 for
different samples and pump pulse energy densities together
with the transient absorption spectra for selected pump-probe
delay times. In general, with an increase in the energy density,
increasingly shorter components appear with the spectral
features being blue shifted. A representative global analysis for
the pump pulse of high energy density made for the two types of
the samples is shown in Fig. 5. The results appear to be in
agreement with the proposed model. For the film samples
prepared via the non-stoichiometric method, the bleach band is

This journal is © The Royal Society of Chemistry 2018

initially broader on the short-wavelength side due to the deeper
band state filling. The recombination occurs faster for the
higher-energy electrons and holes and the band state filling
becomes shallower upon decreasing charge population. That is
why faster components in the global analysis have blue shifted
amplitude spectra (Fig. 5A). The shift is schematically shown in
Fig. $8.7 For the film samples prepared via the stoichiometric
method without a bleach signal, the faster recombination
components exhibit a blue-shift of the zero crossing point in the
derivative-like spectral shape (Fig. 5B). This result indicates that
upon increasing time after excitation and decreasing charge
population, the induced shift of the stationary absorption band
becomes smaller. It should be noted that the particular time
constants obtained in multi-exponential global fits do not have
direct relation to the rates of the recombination processes. The
mixed first and second order function should be instead used to
extract the second order recombination rate (an example of the
fit of such a function and a comparison with multi-exponential
analysis are shown in Fig. S9T). However, the advantage of our
multi-exponential analysis is that it shows the spectral depen-
dence of the recombination kinetics (faster decay for shorter
wavelength).

Conclusions

Methylammonium lead iodide perovskite films prepared under
non-stoichiometric conditions showed prominent negative
bleach signals of the absorption edge on timescales of pico-
seconds and nanoseconds. However, for the film samples of the
same perovskite prepared under stoichiometric conditions and
for the powdered crystals, no such signals were observed; only
much weaker signals due to band shift were present. The
observed differences are associated with the changes in other
spectroscopic parameters: the films prepared via the non-
stoichiometric method have the most blue shifted absorption
edge and emission band, the most pronounced short-
wavelength band is at 480 nm, and they exhibit better photo-
voltaic performance. The study presented herein also demon-
strates the complex nature of organic-inorganic perovskites for
solar cells, and shows that the spectroscopic signatures for the
same materials cannot be generalized because many of these
signals depend on tiny differences in the perovskite material.
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Figure S1. Photos of NS1 (A left), S2 (A right) and C (B) samples. Powdered crystal sample

(sample C) was used in emission and steady-state reflectance experiments.
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Figure S2. Normalized emission spectra of the samples studied in the long (A) and short (B)

wavelengths regions.
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Figure S3. Emission decay kinetics at 780 nm of selected samples with fitted stretched exponential
function (black line). Excitation wavelength was equal 420 nm. The initial decay of sample C was
faster than for other samples, but the overall decay profile was much more stretched (3 parameter

significantly smaller than for other samples), therefore the average lifetime was the longest for

sample C (Table 2).
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Figure S4. Transient absorption spectra 5 ps after excitation (Aex=600 nm) for a given sample and

pump pulse energy density.
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Figure S5. Global analysis of transient absorption for sample NS1 for different pump pulse energy
density (A-C). Selected transient absorption spectra at indicated time delays for the highest pump
pulse energy density (D).
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Figure S6. Global analysis of transient absorption for sample NS2 for different pump pulse energy
density (A-C). Selected transient absorption spectra at indicated time delays for the highest pump
pulse energy density (D).
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Figure S7. Global analysis of transient absorption for sample S1 for different pump pulse energy

density (A-C). Selected transient absorption spectra at indicated time delays for the highest pump

pulse energy density (D).
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Figure S8. Schematic explanation of observed bleach band shifting due to band filling effect for

the samples prepared in the non-stoichiometric way.
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Figure S9. The comparison of the fit of mixed first and second order function and multi-exponential
function for the exemplary sample showing second-order recombination (NS2 at pump pulse
energy density 50 pJ/cm?). The population decay n(t) described by the mixed function is the
following: n(t)=ki no /(kie' '+ ka ng (e¥'-1)), where k; is the first order rate constants, ks is the
second order rate constants, and no is the initial population of the excited state. Figure (A) shows
the fit to the first, dominant singular value of the transient absorption data, while in figure (B) the
band integral of the same transient absorption data in the spectral range 620-850 nm is used [S.A.
Kovalenko, R. Schanz, V.M. Farztdinov, H. Henning, N.P. Ernsting, Chem. Phys. Lett. 2000, 323,
312].
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ABSTRACT: In this work, we analyze a few simple methods that permit getting
insight into the charge dynamics in methylammonium lead iodide (MAPbI,)

from bleach

s
o

perovskites, on the basis of femtosecond transient absorption and fluorescence S o5
studies. We show that proper determination of the charge population decay kinetics &~
requires broad spectral integration of the long-wavelength bleach signal (~760 nm)  § ¢
assigned to the band-filling effect, which can be realized, e.g, by band integral 3
analysis. On the contrary, the kinetics related to a shorter-wavelength bleach band s¢4
(~480 nm) behave differently: a single-wavelength decay is sufficient to probe E

o
)

charge population. Moreover, both the shorter-wavelength excitation and higher
pump pulse intensities result in significantly longer charge cooling times, which
might be important in efficient hot carrier extraction. The validity of our previously
proposed easy approach for the elimination of higher-order recombination rates is
also discussed and confirmed in terms of proper estimation of first-order decay rate
constants. As an example, the rate constants of electron injection from MAPbI; to standard (6,6)-phenyl-Cg,-butyric acid
methyl ester (PCBM) material and the alternative PenPTC (also called PDI) and SPPO13 polymers are extracted and
compared in inverted solar cells on the flexible substrate.

and integral

0.0

50 100
Energy density (pJ/cm ?)

B INTRODUCTION

Perovskite solar cells (PSCs) caught the attention of the
scientific world through the revelation of their outstanding
optoelectronic properties in 2009 by Miyasaka and co-
workers." Since that time, the knowledge about the nature of

Ultrafast laser spectroscopy techniques such as transient
absorption or time-resolved emission spectroscopy are
commonly used to study charge recombination processes
within perovskites”” ' or the rates of carrier transfers to ETM
and HTM."*~'® However, there is a large spread of approaches

Downloaded via ADAM MICKIEWICZ UNIV on January 15, 2019 at 12:02:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

perovskite materials has greatly expanded and several mile-
stone improvements in PSC operation led to reaching the
certified efficiency equal to 23.3%.” However, many aspects of
PSC operation are still not fully understood. Some of the
important features that need further studies are the detailed
dynamics of charge transfer after excitation® > and the role of
perovskite band-gap structure in charge separation.®

In a PSC, after light absorption, an electron is transferred to
the conduction band (CB) of the perovskite, leaving a hole in
the valence band (VB). The exciton dissociates relatively
rapidly (<1 ps) into free charges, which cool down to the
lowest energies in CB and VB, resulting in the bleach at long-
wavelength absorption edge (band-filling mechanism, Scheme
S1 in the Supporting Information).” The potential involvement
of deeper CBs and VBs at short-wavelength excitation is also
considered in the cooling mechanism.® It is essential that both
electron transfer to electron-transporting material (ETM) and
hole transfer to hole-transporting material (HTM) occur faster
than various charge recombination processes within the
perovskite material: first- (tra;)—assisted), second- (free
carriers), or third-order (Auger).” Determination of kinetics
of these processes is important to optimize the whole system
and reach high efficiency of charge separation.

W ACS Publications  © 2018 American Chemical Society

110

to such studies, both in the selection of proper experimental
data and application of the correct model to fit these data. As
for the representative data, in the simplest methods, single
kinetics at minimum bleach or maximum emission are
considered,”'”'® whereas broad-band analysis, frequently
supported by global analysis and the set of measurements
under different pump fluences, is employed in other
studies.'”™>* Moreover, the data treatment can be based on
multiexponential analysis,”® analytical solutions of kinetic
equations of higher-order reactions,”**™>° or much more
complex models using numerical integration of rate equa-
tions,™* including charge diffusion in perovskite material,'* and,
very recently, reabsorption effect.”” Despite more strict
considerations, the complex models are often not easy to
implement and require a lot of additional parameters that
might influence the final results. Therefore, one of the main
objectives of our current study is to test a couple of simplified
protocols to determine charge carrier dynamics in methyl-
ammonium lead iodide (MAPbL;) perovskites on the time
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scale from femtoseconds to nanoseconds, and to check to
which extent they can provide correct results.

In this contribution, we tested MAPbI;-based inverted PSCs
with different ETM such as (6,6)-phenyl-Cg,-butyric acid
methyl ester (PCBM), N,N’-dipentyl-3,4,9,10-perylene dicar-
boximide (PenPTC), 2,7-bis(diphenylphosphoryl)-9,9'-spiro-
bifluorene (SPPO13), and poly(3,4-ethylenedioxythiophene):-
polystyrene sulfonate (PEDOT:PSS) as HTM on the
conductive foil. Additionally, samples without HTM (perov-
skite was deposited on a nonconductive glass) were measured.
Charge-transfer rates to different ETMs and second-order
recombination rates were determined. According to our
knowledge, SPPO13 polymers have been studied for the first
time in inverted perovskite cells, whereas PenPTC (called also
PDI) has been recently introduced.”® The efficiency of such
solar cells with PenPTC was even slightly higher than those
with PCBM, but the introduction of methylammonium
bromide to MAPDI; was necessary to better align the energy
levels.”®

In our previous contribution, we proposed a simple transient
absorption protocol to determine charge injection rates and
radiative recombination in a PSC system, through the
collection of appropriate rate constants as a function of pulse
energy.”” In this work, we test this approach through a
simulation of mixed-, first- and second-order decay and fit with
a monoexponential decay function.

B MATERIALS AND METHODS

Solar Cell Preparation. Two kinds of samples were
prepared: full solar cells on a poly(ethylene terephthalate)
(PET) foil and reference samples without hole-transporting
material on a nonconductive glass. For solar cell devices,
substrates cut out from 60 Q/sq indium tin oxide (ITO) on a
PET foil were cleaned by sonication in detergent, isopropanol,
and deionized (DI) water; dried on a hotplate; and O, plasma-
treated for 1 min, and then coated with ca. 40 nm thick
poly(3,4-ethylenedioxythiophene:polystyrene sulfonate (PE-
DOT:PSS), Heraeus Al4083) layer spun at 3000 rpm for 30
s in air. The layer was annealed on the hotplate at 95 °C for 1
h, and then the substrates were transferred to the glovebox.
MAPbI, layers (perovskite precursor ink composition: Saule
Technologies proprietary information) were deposited in N,
atmosphere by one-step spin-coating process from the
precursor solution, followed by an annealing step to induce
crystallization and obtain ca. 150 nm brownish shining
perovskite layers. Then, a 30 nm (6,6)-phenyl-Cg,-butyric
acid methyl ester (PCBM, Lumtec), 10 nm N,N’-dipentyl-
3,4,9,10-perylene dicarboximide (PenPTC, Lumtec), or 30 nm
2,7-bis(diphenylphosphoryl)-9,9’-spirobifluorene (SPPO13,
Lumtec) layer was spin-coated at 2000 rpm for 30 s from
chlorobenzene solution. Concentrations of the as-prepared
PCBM and SPPO13 solutions were 20 mg/mL, while for
PenPCT it was 5 mg/mL because of its lower solubility.
Solutions were filtered by PTFE 0.4S5 pum syringe filters prior to
application on the samples. Then, the devices were finished by
thermal evaporation of 5 nm of bathocuproine and 100 nm of
Ag through a shadow mask at a base pressure of 107° bar. The
surface area of each device was 0.12 cm?* with four devices per
substrate. Glass substrates for the reference samples were
prepared by cleaning by ultrasonication in detergent, acetone,
and DI water; drying on a hotplate; and plasma-treating before
deposition. Then, a perovskite layer was spun in inert
atmosphere inside a glovebox directly on the glass and a
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PCBM, PenPTC, or SPPO13 layer was spin-coated on the top.
Spin-coating conditions were analogous as for the tested
devices. The perovskite layer thickness was equal to 150 nm
for full devices as determined by a Bruker Dektak XT
profilometer. The thickness of the perovskite on glass samples
was estimated to be 110 nm from the comparison of the
absorbance values at 600 nm. Highest occupied molecular
orbital and lowest unoccupied molecular orbital levels of
examined ETM were —6.1 and —3.7 eV (vs vacuum) for
PCBM,” —6.56 and —2.91 eV for SPPO13,* and —5.83 and
—3.82 for PenPTC, respectively.”®

Solar Cell Characterization. J—V curves of the cells were
measured using a 2400 Keithley source meter under 1 sun
AML.5G illumination (100 mW/cm?) by a solar simulator
(ABET Technologies Sun 2000, class AAA). The lamp was
calibrated with a silicon reference cell RR-208 with a KGS filter
window from ReRa Solutions. The active area of the device
was defined by a metal mask with the aperture area of 0.0914
cm?. The highest efficiency obtained for the device with PCBM
was 10.2%, whereas the efficiency of the devices with PenPTC
was up to 2.6% (Figure S1 and Table S1). All samples with
SPPO13 were isolated and did not show diode characteristics.

Ultrafast dynamics were determined using a broad-band
transient absorption setup (Helios spectrometer, Ultrafast
Systems, and Spectra Physics laser system), described before.”!
The IRF (pump—probe cross correlation function) was about
200 fs (full width at half-maximum), and transient absorption
measurements were performed in the time range of up to 3 ns.
Two excitation wavelengths were tested: 485 and 600 nm, and
the spectra were probed in the range of 440—820 nm. The
studies were performed for the pump pulse energy varying
from S to 300 nJ, which corresponded to the pump pulse
energy density changes from 2.5 to 150 yJ/cm”

Supplementary time-resolved emission measurements were
performed using two different setups based on time-correlated
single-photon counting technique (TCSPC). The first had a
temporal resolution of tens of picosecond for perovskite
materials studies,®* with the excitation at 420 nm, and
perovskite emission was detected from 740 to 820 nm. The
same setup was used to record steady-state emission spectra.
The second setup (Edinburg Instruments Spectrophotometer
FSS with a S mW, 52 ps laser diode EPL-40S) with
nanosecond resolution was used to measure the long-time-
scale kinetics. The excitation wavelength was set at 405 nm,
and the emission was observed at 775 nm. The emission
decays showed non-single-exponential character; therefore, the
averaged lifetimes were determined either from a stretched
exponential fit” or from amplitude-weighted average of three-
exponential decay components.

Bl RESULTS AND DISCUSSION

Simulations. The general formula for the decay of the
charge population density n in perovskites due to charge
recombination is the following™®’

dn 2 3

—— =kpn + kn” + ks
¢ 1 2 3 (1)
where ki, k,, and k; are the first-, second- and third-order
recombination rate constants. The neglect of the third-order
(Auger) recombination leads to the simplified equation

_dn _

2
kin + kyn @)
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Figure 1. Results of rate constants obtained by fitting the simulated (A) second-order and (B) mixed-order decay functions by a single-exponential

function (black squares). The linear fit is also shown (red line).

The first-order decay is related to the trap-assisted recombi-
nation (Shockley—Read—Hall recombination), whereas the
second-order process to free carrier recombination. It should
be noted that recently much more complex equations have
been proposed that include the effects of charge diffusion and
reabsorption.7’27 However, their solution requires the numer-
ical integration approach, whereas eq 2 can be solved in the
form of the analytical function that can be easily implemented
in kinetic fitting procedures. Charge transfer to contact
materials is usually considered as a first-order process””** so
its rate constants increase the apparent values of k;.

In our previous contribution, we have proposed a simple
way to separate the first- and second-order decay observed in
perovskite samples by broad-band transient absorption
measurements.”® This method was based on the determination
of the average rate constant k of the transient absorption signal
decay as a function of pump pulse intensity I (proportional to
the created initial charge population density n,), where the rate
k was calculated as the reciprocal of time constant obtained in
the global analysis using singular value decomposition (SVD)
and fitting of one-exponential function to the principal kinetic
vectors. (Strictly speaking, two-exponential function was fitted,
but the faster, sub-picosecond component of transient
absorption shift was due to charge cooling and was easily
separated from the transient absorption decay.) The simplicity
of this method relies on the fast and common multiexponential
fitting routines implemented in broad-band global analysis.
The dependence of k(I) on I was shown to be linear up to the
intensities of 100 uJ/cm®>’ Therefore, by fitting with the
simple linear function

k(I) = k| + k}I (3)
the separation of first-order rate constant k" from the second-
order processes could be achieved. We used the intercept
values k" for the determination of the charge-transfer rate
constants from the perovskite to contact hole- and electron-
transporting materials.”’

However, the above simple formula 3 is not a strict solution
of the rate eq 2. Therefore, here we performed simulations to
establish the relations between the rate constants k;’, k,” in eq
3 and the true first- and second-order rate constants k; and k,
in eq 2. At first, we simulated the decay of the signal amplitude
according to the second-order process only (k; = 0), which is
given by the analytical formula
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Ay

AW = e+ D)

(4)

In this and further formulas, the amplitude of the initial signal
A, is proportional to the initial population n,. Such second-
order decays with varying initial population n, were fitted with
the single-exponential function A(t) = Ay exp(—kt), yielding
average rates k. The plot of k(n,) presented in Figure 1A shows
a good linear correlation. The intercept (k,’) is close to zero,
which means that k;” & k;, whereas the slope (k,") is smaller
than k, (k,’ ~ 0.3 k, in this case).

Next, the analytical solution for eq 2 in the form of mixed
first- and second-order kinetics was simulated

Aok,
(k, exp(kyt) + noky(exp(kit) — 1)) 5)

This function has been recently used to fit the emission decay
in efficient perovskite cells.”*** Figure 1B shows the rate
constants of single-exponential fit to the above mixed-order
function for different ny. Similarly as for a pure second-order
function shown in Figure 1A, the plot of k(n,) is to a good
approximation linear. The intercept close to k; value (k," =~
k,), see Figure 1B. However, the slope is again different from
ky (ky' =~ 0.4k,).

The above simulations were performed for the second- or
mixed-order kinetics decaying to zero. We also checked the
influence of the narrowing of the time window available for
fitting when the simulated function did not decay to zero. It
corresponds to the situation when the decay of charge
population in perovskites (approximated by a single-
exponential function fit) exceeds the temporal range of the
transient absorption experiment. In such a situation, the
intercept values were still similar to k; but the slope values
increased with an increasing residual signal because the
second-order decay was flattened at a longer time with respect
to the first-order decay. For example, k," & 0.6k, for residual
amplitude equal to 5% of the initial one, and k,” & 1.0k, if the
analyzed mixed-order function decayed to 25% of the initial
amplitude (see Table S2 for more values).

To summarize this part, although the exponential function
does not properly describe the nonlinear processes given by eq
2, the approximation based on the single-exponential fit at
different pump pulse intensities and analysis based on eq 3 may
be useful in many situations. The intercept values (k,’) of
linear fits from eq 3 properly estimate the first-order rate
constant k;. However, the values of slope (k,’) are not equal to

A(t) =

DOI: 10.1021/acs.jpcc.8b09390
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Figure 2. (A) Comparison of the amplitudes at minimum red bleach wavelength after 2 ps (circles), band integral (B, squares), and first singular
value multiplied by maximum of its kinetics (stars) for full devices with PCBM as ETM. (B) Dependence of the amplitude of a bleach (~480 nm)
signal on the excitation energy for different devices and the excitation wavelength. (C) Pre-exponential factor spectra obtained from global analysis
for a device with PCBM as ETM. (D) Example kinetics obtained for the glass sample for the excitation energy equal to 40 xJ/cm?; band integral

was calculated from 610 to 850 nm wavelength range.

the second-order rate constants. They are approximately
proportional to k,, but if the observed decay goes beyond
the temporal window, the proportionality coefficient changes.

Proper Kinetics. For precise determination of the second-
order recombination rate constant k, using the analytical
formula S, a proper kinetics describing the charge population
decay in perovskites is necessary. We have tested several
approaches to find an appropriate signal processing method
using the MAPDI; perovskite samples both deposited on glass
(without hole-transporting material, HTM) and in a full
inverted cell configuration. The typical kinetics used in
transient absorption analysis of perovskites are probed at the
strong bleach signal at the long-wavelength absorption onset,
assigned to the band-filling mechanism (also called the state
filling or Burstein—Moss shift).” It was shown that an
amplitude of this signal depends both on the population of
photoexcited electrons in the conduction band and the
population of holes in the valence band.'**** 1t is because,
in the case of band filling, the transient bleach occurs because
of either the lack of electrons in the valence band or their
occupation of the conduction band, which both block the
possible electronic transition from the high-energy states in the
valence band to the low-energy states in the conduction band.
A difference in the nature of the bleach signal in perovskites
and the typical bleach signal in molecular spectroscopy
(mimicking the whole ground-state absorption spectrum)
should be emphasized.

Thus, the kinetics at the minimum of the negative bleach
band signal in transient absorption spectrum is frequently used
for the charge population analysis. However, we have observed
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that the amplitude at bleach minimum changes linearly with
the pump pulse intensity only for small intensities (up to ~20
uJ/cm?), and for higher intensities, saturation takes place
(Figure 2A). This means that such a kinetics is not
proportional to the population of photoexcited carriers. It is
because the band filling occurs at higher-energy states with an
increasing charge population (see Scheme S1), so the bleach
band minimum shifts and the bleach bandwidth changes.
Figure S2 shows the examples of the shift of the initial bleach
band minimum to a shorter wavelength and the broadening of
the bleach bandwidth with increasing excitation intensity. We
have observed that the bleach bandwidth (in energy units)
grows approximately linearly with the pump pulse intensity.
For example, at pump intensity 100 uJ/cm?, the initial bleach
minimum (measured S ps after excitation) is shifted to the blue
by 10 nm and the band is broadened about twice with respect
to that at low intensities (Figure S2). Moreover, the bleach
broadening occurs on the short-wavelength part (Figure S2).

To better explain the mechanism of the bleach band
changes, we again took advantage of the multiexponential
global analysis of transient absorption spectra. The results are
presented in Figure 2C for relatively high excitation intensity.
The fastest component (sub-picosecond) having bleach band
derivative shape is due to charge cooling and will be discussed
later. The other, longer components have the typical bleach
band shape but with minima at different wavelengths; the
shorter the component, the greater the blue shift of the
spectrum. That is because at shorter times, the band filling
affects the more short-wavelength transitions. During recombi-
nation, the charge population decreases and the band filling

DOI: 10.1021/acs.jpcc.8b09390
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Figure 3. (A) Averaged fluorescence lifetimes and (B) time-resolved emission spectra for delays from S ps to 17 ns (delay times shown: S, 100, and
500 ps and 1—17 ns with 1 ns increment) for full device with SPPO13 as ETM.

influencing the higher transition energies disappears, so the
fastest recombination kinetics appear on the blue side of the
bleach band. Therefore, the kinetics at the bleach band
minimum (around 760 nm at low excitation intensities) might
not show the fastest deactivation processes when measured
above sufficiently high excitation intensity.

A similar situation might occur in the emission analysis. We
have performed the TCSPC measurements at different
emission wavelengths within the perovskite fluorescence
band (Figures 3 and S3). The averaged lifetime (from a
stretched exponential fit>*) shows a continuous increase from
~10 to ~30 ns when changing the observation wavelength
from 740 to 820 nm (the half decays increase from ~1 to ~10
ns), and the maximum of time-resolved emission spectra shifts
from 775 nm just after excitation to 780 nm at the end of the
temporal window of the experiment (17 ns). Similarly, as in
the transient absorption experiment, our explanation is that at
different wavelengths, the band filling at different stages is
probed (more energetic transitions are monitored at shorter
wavelengths). The effect is less pronounced than in transient
absorption and is visible on a longer time scale, probably
because of lower excitation intensity in the TCSPC experi-
ment. Nevertheless, it shows that, in principle, single-
wavelength analysis might not be correct also in the emission
studies.

Therefore, if one wants to get the precise information about
charge population decay in perovskites, the proper integration
of the bleach band in transient absorption or the emission
band in time-resolved fluorescence studies is necessary. One
way of getting the spectrally averaged kinetic evolution of the
transient absorption signal is the determination of the principal
kinetic vector by singular value decomposition (SVD) analysis,
which is often implemented in global analysis routines.***” We
investigated the dependence of the amplitude of the kinetic
component associated with the first principal value on the
pump pulse intensity (Figure 2A). The linearity is maintained
up to higher intensities (~50 yJ/cm?) than for the amplitude
at bleach minimum, but still for higher intensities, the
saturation takes place. It means that for those intensities
more principal components must be considered to properly
describe the charge population decay; thus, having the single
representative kinetic is also not possible in this approach.

Finally, we calculated the so-called band integral (BI) of the
transient absorption spectra in the range 610—850 nm. BI is
defined as*®
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BI(t, A1) = / AA(t, /1)% ©

where the integration of the transient absorption signal AA is
performed over the spectral range AA. This quantity was
introduced to classical transient absorption studies of
molecules in solution.*® The integral calculated over the entire
band is insensitive to the spectral shift of the band, and reflects
population dynamics if the oscillator strengths of optical
transitions do not change. For our perovskite samples, we
observed that the initial BI amplitude undergoes linear changes
with the excitation intensity in the whole investigated intensity
range (Figure 2A). Therefore, BI analysis is the most proper
way to show the single kinetics representing the photoexcited
charge population decay in perovskites. It should be noted that
the analysis based only on the amplitude at the bleach
minimum often brought about the conclusion about the
saturation of carrier concentration,”*” which might not be
correct, so the band integral analysis or equivalent broad-band
integration should be rather used. Figure 2D presents a
comparison of the kinetics obtained in the three investigated
approaches, obtained for relatively high pump pulse intensity.
The decay of a transient absorption signal at bleach minimum
is the slowest because it loses the information about the fast
population decay contributing to the blue part of the bleach
signal. The principal kinetic vector from SVD analysis shows
faster decay because it is more spectrally averaged, but it still
does not take into account the fastest charge recombination
dynamics occurring at high excitation intensities. The fastest,
true charge population kinetics is obtained by BI in 610—850
nm range. Therefore, analytical function 5 should be fitted to
this kinetics to determine the true second-order recombination
rate constant, and the results will be presented in the next
section.

Determination of Rate Constants. As concluded in the
previous section, the mixed first- and second-order function,
given by eq 5, was used to fit the BI transient absorption data
calculated from eq 6. The aim was to determine the second-
order rate constant k,. The initial charge population density n,
for different samples of transmittance T (which is related to
absorbance according to A = —log(T)) measured at different
excitation densities I was calculated from

_I1-R-T)

0 Thy

7)
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Figure 4. Mixed-order functions (red) fitted to BI in the range 610—850 nm (black) of a PCBM sample (A, B) on the glass and (C, D) in full
devices for the excitation energy equal to (A, C) 10 y4J/cm® and (B, D) 15 pJ/cm®

where the penetration depth I for excitation at 600 nm was
taken as the sample thickness, reflectance was taken as R = 0.1,
and hv is the photon energy of a pump.

Figure 4 presents the exemplary fits. Important differences
were observed for the two sample series. The first series (glass/
MAPbL;/ETM) was prepared by direct deposition of a
perovskite layer on glass, and covered with different electron-
transport materials (ETM): PCBM, PenPTC, or SPPO13. The
second series were full cells in an inverted configuration (ITo/
PEDOT:PSS/MAPbI;/ETM), where the perovskite layers
were formed on hole-transporting materials. In both series,
the test samples without any ETM were also prepared. The
crystallinity and homogeneity of the perovskite layer were
much better in full devices. On the XRD pattern (Figure S4)
recorded for the first series of samples, one can observe a Pbl,
peak, which is not visible for the full cells. This lead iodide can
originate from not fully converted precursors and passivate the
surface of crystal domains creating the trap states. Additionally,
peaks of the (110) and (220) planes are about twice as intense
for full devices than for the perovskite on glass, which suggests
larger and better developed crystals. Scanning electron
microscopy (SEM) images taken with a Phenom ProX
Desktop Scanning Electron Microscope can be found in the
Supporting Information section (Figure SS). Pictures were
taken with S kV acceleration speed, and the resolution is not
good enough to quantify the size of the crystal domains, but
the homogeneity of the perovskite layer in full devices is much
better than in the case of glass samples. For the first series, the
fit quality was sufficient for excitation intensities only up to 15
uJ/cm?, whereas for the second series, eq 5 could be used up to
much higher intensities, 40 uJ/cm’ Most probably, above
these intensities, the third-order recombination should be
taken into account (full eq 1 holds instead of eq 2).
Interestingly, if it is true, it means that in the higher-quality
perovskite layers, the energy threshold at which the Auger
recombination occurs is higher.
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Similarly, the determined second-order recombination rates
were also different. In the first sample series, the averaged k,
values were k, = (8.9 + 1.0) X 107'° cm?/s when both k, and
k, in eq S were left free during the fitting procedure. A slightly
smaller relative error in the second-order rate constant was
found when a fixed k; was used: k, = (7.7 £ 0.6) X 107° cm®/
s. In this case, k; values were determined from the intercept
points of k(I) plots, according to the linear fit with eq 3. As we
proved in the first section, the intercept points showed correct
k, values of the decay modeled by function 5. The examples of
such plots are given in Figure S6. In contrast, the second-order
rate constants were found to be significantly (more than twice)
smaller for the second series of samples. The averaged value of
the rate constants was k, = (3.6 + 0.3) X 107'% cm®/s. This
difference can also be visualized in the plots of d(BI)/dt versus
BI for the two sample series (Figure S7). Again, the better
crystal morphology of the perovskite material in full cells
(second series) could account for the smaller contribution of
second-order recombination processes. Another possibility is
that in full cells the probability of recombination decreases. It
is because of the generated built-in potential, the holes and
electrons are stronger shifted toward the respective contact
materials, which decreases the concentration of the electrons
and holes being in close proximity (that would lead to
recombination). It can also account for the occurrence of the
third-order recombination at higher intensities in the full cells,
as observed above. The difference in averaged perovskite
thickness in both our sample series should also be considered
(110 vs 150 nm). Decrease in extracted k, values with
increasing layer thickness has been reported previously,12 and
recently, reabsorption effects were shown to play an important
role in the charge distribution, spreading the charge population
over a larger volume in thicker samples, making the apparent
second-order recombination rate smaller.”

One of the purposes of our work was also the determination
of the electron transfer rate constants from MAPDI; to
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PCBM as ETM (for 1., = 600 nm and energy was equal to 80 yJ/cm?). (B) Charge cooling rate (the highest constant rate from global analysis) as a
function of excitation energy for 600 nm (dots) and 485 nm (squares) excitation wavelengths.

different contact materials studied. It can be performed by
comparison of the first-order rate constants.”® It should be
pointed out that the charge-transfer rate constants determined
in this way contain both the contribution of charge diffusion to
the interfaces and the intrinsic interfacial electron injection.'”
The rate constants in the first series of samples were the
following: k; (no ETM) = 0.37 + 0.13 ns™', k; (PCBM) = 0.61
+ 0.10 ns™!, k; (PenPTC) = 0.44 + 0.06 ns™}, and k,
(SPPO13) = 033 + 0.17 ns'. The perovskite samples
covered with SPPO13 can be treated as the reference materials
because the energy levels of this material do not allow electron
transfer. That is why we can calculate that the electron transfer
rate constant to PCBM (equal to k;(PCBM) — k,(SPPO13) =
0.28 ns™') is about 2.5 times higher than that to PenPTC
(k,(PenPTC) — k,(SPPO13) = 0.11 ns™'). The k, values for
the test sample, which was not covered by any material, were
higher than those for SPPO13 probably because the direct
contact of MAPbI; with air resulted in the generation of
additional recombination centers on the perovskite outer
surface. On the contrary, the passivation effect of processing
SPPO13 on the top of perovskites could result in the reduction
of surface defects in perovskites and surface recombination in
this sample.”” The obtained transient absorption results were
further supported by the supplementary emission studies on
much longer, nanosecond time scale, probing the residual
kinetics not observed in the transient absorption window (up
to 3 ns). The obtained averaged rates were the following: k;
(no ETM) = 0.06 ns™*, k; (PCBM) = 0.34 ns™*, k; (PenPTC)
=0.03 ns™, and k; (SPPO13) = 0.02 ns™*. They confirm the
slowest decay for SPPO13 with a contribution of components
of tens of ns, and the fastest rate for PCBM (a small
contribution of slow emission decay components).

The obtained electron transfer rate constant from MAPDI,
to PCBM in our samples (0.28 ns™') is in general agreement
with previous reports. In the previous photoluminescence
studies, the perovskite lifetime, upon addition of the PCBM
contact, was shortened from 280 to 6 ns (for a mixed-halide
perovskite) and from 10 to 3 ns (for a tri-iodide perovskite),
which gave an electron transfer rate constant of 0.16 and 0.23
ns™), respectively.41 The photoluminescence lifetimes of glass/
MAPDI;/PCBM samples were also shown to decay on the
nanosecond time scale.” Time-resolved microwave conduc-
tivity experiments revealed the electron transfer rate constants
of 0.3 ns™.* Time constants of electron transfer to PCBM
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were reported to be from hundreds of picoseconds to several
nanoseconds on the basis of terahertz spectroscopy studies.**
The transient absorption studies showed the electron transfer
time constants of 0.4 ns.® Partial electron injection to PCBM
with much faster time constants (single picosecond) was also
reported in other transient absorption experiments.45 The
relatively large spread of the reported values can be probably
explained by the fact that the intrinsic interfacial electron
injection rate constant to PCBM might be as fast as 170 ns™,
whereas the apparent rate constants might be limited by the
electron diffusion in the perovskite material.'> Therefore, it can
strongly depend on the perovskite film thickness and quality.

Surprisingly lower first-order rate constants were found in
the second series when the perovskite was prepared on HTM
material. In this case, we obtained k; (no ETM) = 0.19 + 0.02
ns™!, k, (PCBM) = 0.15 + 0.02 ns™', k; (PenPTC) = 0.18 +
0.02 ns™!, and k; (SPPO13) = 0.17 + 0.02 ns™". The average
perovskite thickness in these samples was greater, which might
partly explain lower rates. However, the presence of HTM
might have a crucial impact. If the holes are mainly located
near the MAPbL;/HTM interface, then the conditions for
electron injection on the ETM side might be different. For
example, the presence of holes near the ETM interface in first
sample series (without an HTM substrate) could provide
additional recombination channels that decreases charge
population lifetime. The different built-in potentials at contact
layers might also influence the slower charge-transfer
dynamics. Finally, it might also be that in the full devices the
hole extraction is significantly faster than electron transfer and
it predominantly sets k; values. (After the hole extraction,
remaining carriers live longer, beyond the temporal window of
the experiment.) This could explain the similar k, values for
the full cells with different ETMs.

Other Considerations. In the last section, we would like
to discuss several other interesting findings following from the
transient absorption experiments of the studied samples. At
first, we have analyzed the second, smaller bleach signal located
at around 480 nm. The origin of this second bleach band is still
not clear. The most common interpretation is that it is due to
the transitions involving another conduction band or valence
bands.**® Another explanation is that the band represents the
molecular-like charge-transfer transition*”** or that it contains
a contribution from Pbl,.*”*” We have analyzed the depend-
ence of the amplitude of this bleach as a function of excitation
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intensity, and we have found that it is linear in the whole range
of investigated intensities (Figure 2B). It is in contrast to the
observation for the main bleach in the red side of the transient
spectrum (Figure 2A). In agreement with that, there is no shift
of the blue-bleach minimum for different intensities (Figure
S2), and the different components of multiexponential global
analysis have the same spectrum, without any shift, near 480
nm (Figures 2C and SA). This means that no band integral is
necessary to probe the population decay at this blue bleach,
but only the kinetics at the band minimum are sufficient.
However, it also means that the band-filling mechanism
explaining the bleach shift at high intensities is not necessary,
unlike for the red bleach. Thus, most probably, the transition
observed at ~480 nm can involve neither the lowest
conduction band nor the highest valence band responsible
for the bleach at ~760 nm. Furthermore, we have observed
that the decay of the blue bleach is slightly slower than that of
the red bleach. For example, for excitation intensities up to 0.5
uJ/ecm* and approximated by one-exponential decay, the
average lifetime is 1.3 & 0.1 times lower for the blue bleach
than for the red one. For higher intensities, it is also lower, but
in the temporal range above 10 ps. The differences in the
kinetics measured in these two spectral regions have been
previously reported.* Together with the lack of characteristic
behavior for band filling, they indicate different nature of the
transition responsible for the bleach at ~480 nm than that at
~760 nm. The difference might be due to the molecular-like
nature of the transition at ~480 nm, which can be, e.g., due to
previously mentioned charge-transfer character (from I to
Pb)*”*® or the contribution from isolated PbL,.*”*° However,
it should be noted that the bleach at ~760 nm is the most
important one from the point of view of the majority
population of the photoexcited carriers in MAPbI,.

We have also compared the effects of different excitation
wavelengths by repeating some of the transient absorption
experiments for pump pulse at 485 nm in addition to that at
600 nm. Under the two-exponential approximation (first
component for charge cooling and second one for population
decay), the charge population decay is on average 1.36 + 0.14
times faster for excitation at 485 nm than that at 600 nm for
the same excitation intensities measured in pJ/ cm?. It can be
explained by higher initial charge density at shorter-wavelength
excitation. For the second sample series, the absorbance of the
MAPDI; layer was ~1.5 at 485 nm versus ~0.5 at 600 nm,
which gives ~1.38 more total absorbed photons for a shorter
wavelength; on the other hand, the number of photons per
energy unit is 600/485 = 1.24 times smaller for shorter-
wavelength excitation. The resultant factor of 1.11 is small;
thus, probably the photoexcited charge density is higher at 485
nm because the initial distribution is closer to the entrance part
of the absorber layer because of three times higher absorbance
than that at 600 nm. We have compared the values for k,
measured for the same sample sets excited at 485 and 600 nm,
by fitting eq S to the band integral kinetics, as described in the
previous section. Assuming the whole sample thickness as the
penetration depth for excitation at 600 nm, see eq 7, we got k,
= (3.4 £ 0.2) x 107'° cm®/s, whereas for the excitation at 485
nm, a similar value k, = (3.5 £ 02) X 107 cm®/s was
obtained, but when the penetration distance was assumed to be
three times shorter than the sample thickness because of the
differences in the absorbance.

Finally, important results have been obtained when
analyzing the charge cooling dynamics as a function of pump
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pulse wavelength and intensity. Recently, it has been proposed
that relatively slow cooling times in perovskites might be used
for extracting hot carriers, which could improve the solar cell
efficiency by overcoming the Shockley—Quisser limit.*">
Thus, it is crucial to know which factors influence the charge
relaxation dynamics. As we have mentioned earlier and
reported before,””*® the charge cooling times can be
determined from the fastest component in multiexponential
global analysis. Its amplitude has the shape of a derivate of the
bleach band and represents the band-edge shift due to charge
screening or band-gap renormalization effect. The times are
longer for shorter excitation wavelength and higher pump
intensities. Figure SB collects the charge cooling rate constants
for excitations at 485 and 600 nm at different intensities up to
60 yJ/cm® For higher pump pulse energy density, the cooling
process should be described by two-exponential kinetics. The
rate constants are smaller by about 50% for the pump at 485
nm versus the pump at 600 nm, and become about twice
smaller for intensities 60 pJ/ cm? with respect to those at small
fluence (2.5 uJ/cm?) at the same wavelength. It should be
noted that we have not observed any differences in cooling
times among the samples with different ETMs and between
both series of perovskite samples that we studied (on glass and

on HTM).

Bl CONCLUSIONS

Proper determination of the charge carrier dynamics from
femtoseconds to nanoseconds is essential to understand the
basis of efficient charge separation in perovskite solar cells,
which allows to achieve rapid progress in this photovoltaic
technology. However, the analysis based on oversimplified
models can often lead to wrong conclusions. In this work, we
show that the band filling in MAPDI; perovskites implies that
the bleach transient absorption and emission kinetics cannot,
in principle, be analyzed at a single wavelength, which is often
used. We compare this approach with single value decom-
position (SVD) and band integral (BI) global analyses and find
out that the correct determination of the charge population
dynamics requires the proper spectral averaging of the signals,
e.g., by BI approach or SVD with more than one principal
kinetic vectors. Furthermore, although the exponential
functions do not properly describe the nonlinear processes in
perovskite materials, the approximation based on a single-
exponential fit at different pump pulse intensities proposed by
us before may be useful in many situations. We show here that
when the extracted rate constants are plotted versus pump
intensities, the intercept values properly estimate the first-order
rate constant, but the values of slope are not equal to the
second-order rate constants.

Next, we test the proper determination of the electron
injection rate constants from MAPbDI; to different ETM:
standard PCBM and the alternative PenPTC and SPPO13
polymers. The photocurrent of the cells with PCBM is about
two times higher than that with PenPTC, whereas that for the
cells with SPPO13 is negligible. The photocurrent is correlated
with the extracted first-order rate constant k, for the reference
MAPbBI;/ETM configurations on a glass substrate, which
shows the faster electron injection from the perovskite to more
efficient ETM materials: k;, (PCBM) = 0.61 + 0.10 ns™’, k;
(PenPTC) = 0.44 + 0.06 ns™', and k; (SPPO13) = 0.33 + 0.17
ns~'. Interestingly, in a full inverted solar cell configuration, the
k, values are smaller and within the experimental error similar
for all samples, at least in the temporal window used (3 ns).
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Finally, we compare the excitation effects and transient
absorption bleach signals at long- and short-wavelength
MAPDI; absorption bands. Unlike the main bleach at around
760 nm, the smaller bleach signal at 480 nm does not show a
spectral shift and thus can be analyzed by simple single-
wavelength decay kinetics. Moreover, excitation at 485 nm
results in ~50% slower sub-picosecond charge cooling
dynamics than that at 600 nm excitation, and in both cases,
the dynamics is slower for higher pump fluence. These results
point the possible different electronic nature of the short-
wavelength perovskite absorption band.
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Scheme S1. Schematic presentation of pump energy influence on bandwidth of band-edge bleach.

Table S1. Photovoltaic parameters obtained for the best sample

(Eff — efficiency, FF — fill factor, Jsc — short-circuit current, Voc — open circuit voltage).

Eff [%] FF [%] Jsc [MA/cm?] Voc [mV]
PCBM 10.2 77.3 14.7 899.5
PenPCT 2.6 34.6 9.7 769.1
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Figure S1. Current-voltage curves (A) and photovoltaic parameters (B-E) of prepared samples as

efficiency (B), fill factor (C), short-circuit current (D) and open-circuit voltage (E).
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Figure S2. Signal after 5 ps for PCBM sample (A), red bleach (~760 nm) bandwidth of PenPTC sample

from the first series (B) and red bleach position for different devices (C) for different excitation energy.

Table S2. Relation between the k> ’and k values for different cutoffs of the temporal window for the

analysis of the decays (in % of the initial amplitude).

Cutoffs (in % of the initial amplitude) | Relation between the k> ’and k>
0 k2’~0.3 k2
2 k2’~0.5 k>
5 k2’~0.6 k>
10 k2’~0.7 k>
20 k2’~0.9 k>
25 k2’~1.0 k2
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Figure S3. Stationary emission and kinetics at different wavelengths for sample with SPPO13 as ETM

(excitation power was equal to 0.057 mW).
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Figure S4. XRD pattern (CuKa) of the MAPDI; deposited on (A) glass and (B) PEDOT:PSS layer deposited
on ITO. Spectra were taken with Rigaku MiniFlex600 X-ray diffractometer.
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Figure S5. SEM images taken at 5kV with 12k magnification. A) MAPbI; on PEDOT:PSS/ITO and B)
MAPDI; deposited directly on glass.
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Figure S6. The rate constants of the longer component obtained from two-exponential global analysis as

function of excitation energy for samples without HTM (A, first series) and full cells (B, second series).
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Figure S7. Band integral kinetics of MAPDI; in glass samples (A) and full devices (B). Time zero for

different excitation intensities was shifted to overlap higher intensity decay. Rate of band integral (BI)

change as a function of BI values, which is equivalent to the plots of recombination rate dn/dt vs n (BI value

is proportional to carrier density n) for glass (C) and full devices (D) samples.
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Understanding the Effect of Different Synthesis Conditions on the
Physicochemical Properties of Mixed-lon Perovskite Solar Cells

Brian Quere,” Katarzyna Pydzifska-Biatek, Jerzy Karolczak,™ " Grzegorz Nowaczyk,™

Emerson Coy,"” and Marcin Ziétek*™

(Abstract: Perovskite solar cells, composed of a mixture of
methylammonium (MA) and formamidinium (FA) cations [in
the benchmark proportions of (FAPbl;)qgs(MAPbBrs), 5] and
titania as an electron-accepting material, are prepared under
different conditions, with the objective of finding correla-
tions between the solar cell performance and several impor-
tant stationary and dynamical parameters of the material.
The effects of humidity, oxygen, the use of anti-solvent, and
the presence and quality of a mesoporous titania layer are
investigated. It is found that an increase in the photocurrent
corresponds to a higher content of the desired cubic perov-
skite phase and to increased long-wavelength absorption of
the sample. On the contrary, for poorer-quality cells, addi-

N

tional short-wavelength bands in both absorption and emis-
sion spectra are present. Furthermore, a higher photocurrent
of the cells is correlated with faster interfacial charge-transfer
dynamics. For the highest photocurrent of >20 mAcm 2
the characteristic times of about 1 us are observed by elec-
trochemical impedance spectroscopy, and emission half-life-
times of about 6 ns by time-resolved fluorescence spectros-
copy (upon excitation with 420 nm pulses of ~0.5 mW
power). Both first- and second-order rate constants, extract-
ed from the emission measurements, are greater for the
cells showing higher photocurrents, probably owing to a

more rapid charge injection.

/

Introduction

One of the most important steps in the rapid development of
perovskite solar cells (PSCs) in recent years has been the dis-
covery of the beneficial role of partial substitution of different
ions in standard, methylammonium lead iodide (MAPbl;) per-
ovskite, such as formamidinium (FA) in the methylammonium
(MA) position, or bromide instead of iodide. This substitution
led to the benchmark composition of (FAPbI;),gs-
(MAPbBT;),,5™"? with improved efficiency and stability of PSCs.
This discovery permitted the achievement of an efficiency ex-
ceeding 20%.”' The certified efficiency of 22.1% has been re-
ported for a mixture of MA and FA.¥ Other, even more com-
plex compositions, were proposed later, including triple-cation
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mixed halide perovskite, allowing an efficiency above 21%."

Further incorporation of additional rubidium cations has also
been proposed in efficient devices.® At present, the best certi-
fied PSC efficiency is reported to be 23.3% (achieved at the In-
stitute of Semiconductors, Chinese Academy of Science), which
recently exceeded the previous record of 22.7 % reached at the
Korea Research Institute of Chemical Technology.”

Despite huge progress in the stability and efficiency of
mixed-ion PSCs, basic studies of such materials are still quite
rare compared with the numerous studies of standard MAPbI,
perovskite.'¥ In particular, only a few time-resolved studies of
the charge dynamics have been reported so far for the mixture
of MA and FA. Ultrafast interfacial charge injection was studied
for devices with 20% efficiency.™ A long component of the
photoluminescence decay of about 2 us was assigned to the
bulk carrier lifetime in the inverted solar cell configuration."
Rate constants around four times lower were observed for the
nonradiative luminescence decay processes for perovskite ma-
terial made in vacuum flash-assisted solution processing com-
pared with that produced from conventional one-step solution
deposition." Similarly, longer emission decays were observed
upon applying meniscus-assisted solution printing instead of
the spin-coating method to form the perovskite layer."” Perov-
skites in Pbl,-rich grains exhibited a longer lifetime owing to
the suppression of defect trapping.'® Similarly, longer lifetimes
of isolated perovskite layers have also been observed for lower
temperatures of anti-solvent (chlorobenzene), indicating a
higher crystal quality of the perovskite grains.' Emission
quenching has been observed if the (FAPbI,)yqs(MAPDBY;)g ;5

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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perovskite layer was in contact with different charge-selective (A)
materials.?2" This process has been also observed upon passi- —WM_21 O,_8 RH
vation of perovskite with an additional FAPbBr,_J, layer.”? 3 ——BM_210,_8 RH
Therefore, in this work, we focused on PSCs made of (FAP-
bl3)yss(MAPbBI3), s and studied them by employing several &
complementary techniques, including basic photovoltaic char- §
acterization [current-voltage (CV) curves, incident photon-to- £ 21
current efficiency (IPCE) spectra], studies of perovskite struc- 3
ture and morphology [X-ray diffraction (XRD), scanning elec- 2
tron microscopy (SEM)], optical properties measurements (sta- 14
tionary absorption and emission), and time-resolved measure-
ments of charge dynamics (electrochemical impedance spec-
troscopy and time-resolved fluorescence of the full cells). One "
of th'e. objectlve? Yvas to test the effect of s'everal deposition 400 560 660 760 800
conditions (humidity, oxygen, the use of anti-solvent, and the
presence and quality of a mesoporous titania layer) on the re- Wavelength (nm)
sults of characterization of the samples. More importantly, we (B)
intended to check the correlations between the results ob- 2 z é I
tained in structural, optical, dynamical, and photovoltaic stud- 0.6- EI % 6I' 052 0.59
ies for the cells showing different performances. In many stud- E . = o = *
ies of PSCs, only the material parameters of the best cells are o = b EI l
explored. However, on the basis of their values, it is often hard = § = 0.42
to conclude whether or not these parameters are important in E 0.4 - :
solar cell optimization. On the contrary, in this work, we do not o 0.26
pay much attention to achieving top efficiencies of solar cells, ‘E“ 0.15 é
but our objective was the systematic investigation of changes 2 0.2 g (Ig o,
in certain active material parameters and interfacial charge- Q 0.09 o Oig o)
transfer time constants in the cells of higher and lower photo- iy . r.jé Q <":=I
current. Thus, we hope to gain more insight into the role of T g = zi aE:
the basic characterization of perovskite materials in the under- 0.0 T J T T T T
standing of PSC performance. Sample
(C)
Results and Discussion 301 # ® XVM_NO_AS
£ ., e WM_210, 40RH
Stationary absorption and emission study p=4 * g A4 WM_210, 8RH
Table 1 collects the labels of all samples measured and summa- '§ 25 " .' : :\R\;;'g C;:.;S N
rizes the preparation conditions (see Experimental Section for o > % Bl_‘l 21 26 8 RH
details). The bandgap of the mixed cation perovskite material % “ = -
of the composition (FAPbI;),ss(MAPDI),,s is reported to be Ia_: % i q
from 1.55 to 1.6 eV,**?% which gives a wide absorption spec- %20 | s » & :‘
trum with the edge in the range 775-800 nm (see Figure 1TA). fo L4 = - .
s o v‘vg";" Yv
Qo ® v
<
Table 1. Synthesis parameters of prepared solar cell batches. i , : . . - , ,
Sample TiO, layer Anti-solvent O, Humidity RH 00 01 02 03 04 05 06 07
%]  [%] Absorbance at 700 nm
WM No A-S Worse No 21 8-40 Figure 1. Absorbance of PSC made with two different TiO, layers under the
WM 210, 40RH VT/E??SNOUS Ves ”n 0 same condition.s (A), absorbance values at 700 .nm for different batches (B),
absorbance ratio at 600 and 700 nm as a function of absorbance value at
mesoporous 700 nm (C)
WM 210, 8RH Worse Yes 21 8
mesoporous
WM <10, 10RH  Worse Yes <1 10
mesoporous For highly efficient PSCs, it is important to prepare a thick and
P 210, 8RH Only planar  Yes 21 8 high-quality layer of perovskite material that would absorb as
BM 210, 8RH Better ves 218 much sunlight as possible. Figure 1A shows a comparison of
mesoporous the absorbance of samples prepared with worse (WM) and
Chem. Eur. J. 2019, 25, 5978 - 5986 www.chemeurj.org 5979 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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better (BM) mesoporous titania layers (see Experimental Sec-
tion for details), prepared under the same conditions (oxygen
content 21%, relative humidity 8%). All batches of PSCs were
examined in this way to check the influence of the preparation
method on the active material absorption, and the statistics
for absorbance at 700 nm are presented in Figure 1B. Note
that the same amount of perovskite precursor was deposited
on all samples, but the long-wavelength absorbance varied
significantly depending on the deposition conditions. The
highest long-wavelength absorbance was found for BM and
planar cells, whereas the lowest was that for the cells without
anti-solvent. The samples with lower absorption at 700 nm are
expected to exhibit smaller photocurrents owing to poorer
light harvesting, which will be discussed in the next sections.

Besides the long-wavelength absorption at 700 nm, we also
monitored the absorbance at shorter wavelength (600 nm),
which might contain the contribution from other undesired
phases (e.g., attributable to unreacted precursors), and calcu-
lated the A(600 nm)/A(700 nm) ratio (Figure 1C). For the ideal
semiconductor with a direct bandgap, the absorption coeffi-
cient at a certain wavelength can be written as in Equation (1),
in which B is a constant.””

a(d) _Bllhcl—;fg); (1)

Assuming the absorption edge at 775 nm (g,) in Equation (1),
we can calculate the absorbance ratio as in Equation (2).

A (600 nM)  Ogoonm

= =1.41
A (700 nm)  Oyponm

©)

If the absorbance edge is at 800 nm, the ratio is equal to
1.33. The closer this value is approached, the purer the com-
pound. Ratios of absorbance at 700 and 600 nm are plotted as
a function of the absorption at 700 nm in Figure 1C. One can
see that the samples showing the highest absorption and the
lowest ratios of absorbance are those with only the planar (P)
or non-aggregated scaffold TiO, substrate (BM). These two ho-
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mogeneous surfaces would enhance the uniform distribution
and crystallization of the perovskite. On the contrary, the low
absorbers [A(700 nm) < 0.3] are the samples prepared under
conditions restraining crystallization: high humidity or without
anti-solvent. These samples exhibit high ratios of A(600 nm)/
A(700 nm), which means that there is extra absorption at
600 nm by other phases, added to the perovskite phase ab-
sorption, but this is not present at 700 nm.

Additional short-wavelength features observed in the ab-
sorption spectra of poor-quality crystals are also validated by
stationary emission. As presented in Figure S1 (Supporting In-
formation), the samples with a high ratio of A(600 nm)/
A(700 nm) exhibit additional short-wavelength emission (be-
tween 700 and 750 nm) upon excitation at 420 nm. This emis-
sion might originate from the poorly crystallized parts of the
active layer material.

X-ray diffraction characterization

XRD was used to detect different phases present in the active
layer. Figure 2 A shows selected XRD patterns obtained for per-
ovskite layers deposited on WM and BM TiO, layers. Not all ob-
served peaks are characteristic of the cubic (FAP-
bl3)oss(MAPDBr;)o5s perovskite layers at 14°, 28.5°, and 31.8°
(Figure 2 A, triangles), corresponding to diffraction peaks [001],
[002], and [012], respectively.'*" The intense peak at 12.3°
corresponds to another phase (Figure 2 A, star), which is proba-
bly attributable to some unreacted precursors. The XRD [001]
peak assigned to unreacted Pbl, has been reported to be at
12.6°2% and another one corresponding to the perovskite -
FAPbI; has been detected at 11.6°." It should be noted that
the presence of a small amount of unreacted Pbl, has been re-
ported to improve the efficiency.”** The samples produced
with the better quality mesoporous TiO, under low humidity
are characterized by a much higher ratio of the content of per-
ovskite over unreacted phase than the samples prepared with
the poorer quality mesoporous TiO, under the same conditions
(BM 21 O, 8RH vs. WM 210, 8RH). For these and two other
samples we have calculated the ratio of the area of each of

(B)
20 o g (S
181
sl R -2.0%
E 144 n L1 55
b
%12- » &
o '1.0
o
™ 10 x
8 Los
>
6{ m
0.0

00 01 02 03 04 05 06 07
Absorbance at 700 nm

Figure 2. X-ray diffraction pattern for different samples with indicated unreacted and mixed-ion perovskite phase peaks (A). Short-circuit current density and
XRD peak area ratio at 28.5° and 31.8° (mixed-ion perovskite phase diffraction peaks [002] and [012], respectively) over 12.3° (unreacted precursors phase) as

a function of absorbance at 700 nm (B).
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the two peaks at 28.5° and 31.8° (the most intense and well
separated peaks of the cubic phase) to the area of the unreact-
ed phase peak at 12.3° as an indication of the amount of de-
sired mixed-ion perovskite phase. This ratio is presented versus
the absorbance at 700 nm in Figure 2B (red triangles). It is ob-
served that the higher the absorption at 700 nm, the higher
the perovskite content (high peak ratio) in the cell. Moreover, a
higher absorption also corresponds to a higher photocurrent
density (J,) for these samples. More details on the photovolta-
ic parameters of the samples are presented below.

Scanning electron microscopy study

Cross-section images were also obtained using SEM (Figure 3).
Different layers, including the active perovskite layer, can be
distinguished. The average perovskite thickness observed in
the pictures was equal to 600 and 540 nm for BM and WM tita-
nia paste, respectively (Figure 3A,B). This small difference does
not sufficiently explain the large difference in light absorption
(Figure 1A), and implies that the absorption coefficient in the
long-wavelength range is higher for the BM samples. There-
fore, the long-wavelength light absorption (e.g., at 700 nm)
must depend strongly on the quality and purity of the crystal-
lized mixed-ions perovskite, and not only on the thickness of
the active layer. The mesoporous titania layer for the WM
sample is much thicker than for the BM one, as shown in
Figure 3, probably owing to aggregated TiO, nanoparticles.
However, the SEM image at smaller magnification shows that
the thickness of the WM layer is very uneven, whereas that of
BM is much more uniform (Figure S2, Supporting Information).
Such an irregularity in the WM layer could consequently cause
poor crystallization of the mixed ions. Finally, note that the
SEM image of the sample prepared with high humidity (of the
small long-wavelength absorption, Figure 3C) exhibits a blur-
red structure without clear grains of the active layer, which
may indicate a very small amount of the proper perovskite
phase.

Current-voltage and electrochemical impedance examina-
tion

The samples studied were characterized by CV measurements
to extract the basic photovoltaic parameters of the cells. Fig-
ure 4A displays the selected CV curves of the best cells from
the BM series, which exhibit an open-circuit voltage (Vo) of
more than 1V and a short-circuit current density (Jsc) above
20 mAcm 2 fill factor (FF) of 0.60 (blue) and 0.64 (red), and ef-
ficiency of 13.2% (blue) and 13.6% (red). It should be noted
that the limits in the efficiency are attributed mainly to the rel-
atively low FF values, whereas our best photocurrents (the
most important parameter that we correlate with the other re-
sults) is comparable (>85%) to that of the most efficient devi-
ces with (FAPbI,),gs(MAPDBr;), 5. The hysteresis index of the
cells is between 0.33 and 0.41 (Figure S3, Supporting Informa-
tion).

The efficiencies of all the cells from different batches are
given in Figure 4B (with the errors indicated) and their aver-

Chem. Eur. J. 2019, 25, 5978 - 5986 www.chemeurj.org

138

5981

CHEMISTRY

A European Journal

Full Paper

Figure 3. Cross-section SEM images of the cells: BM 210, 8RH (A),

WM 210, 8RH (B), and WM 210, 40RH (C): red: gold electrode; green:
spiro-OMeTAD; yellow: mixed ion perovskite; cyan: mesoporous TiO,; pink:
planar TiO,; purple: FTO glass.

aged photovoltaic parameters are summarized in Table 2. The
efficiencies are generally higher for the samples that showed
greater absorbance at 700 nm (compare with Figure 1B). The
highest photocurrent, FF, and efficiency are found for
BM 210, 8RH samples. This is also consistent with the XRD
findings, as the greater the degree of perovskite crystallization,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Current density-voltage curves for the best cells under 1 Sun illu-
mination (A) and efficiency values obtained for different batches under

0.9 Sun illumination (B). Comparison of current density-voltage curves re-
corded in reverse and forward scan direction is shown in Figure S3 (Support-
ing Information). Electron lifetime as a function of applied voltage obtained
from the impedance measurement under 0.9 Sun illumination for the sam-
ples of different photocurrent (C). Electron lifetime was obtained by multipli-
cation of resistance and capacitance values of high-frequency semicircle. Se-
lected Nyquist plot and equivalent circuit are shown in Figure S4 (Support-
ing Information).
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Table 2. Averaged current-voltage parameters of prepared batches mea-
sured under 0.9 Sun illumination in reverse direction. V,.: open-circuit
voltage; J,.: short-circuit current density; FF: fill factor.

Sample V.. V] J. [mAcm™?] FF Efficiency [%)]
WM No AS 0.81 8.5 0.42 2.9
WM 210, 40RH 0.84 89 0.32 25
WM 210, 8RH 0.93 133 0.51 6.3
WM <10, 10RH 0.98 14.9 0.49 7.2
P 210, 8RH 0.86 14.9 0.38 4.8
BM 210, 8RH 0.97 17.8 0.61 10.5

the higher the cell efficiency. However, the planar sample
P 210, 8RH contained, on average, a similar amount of syn-
thesized perovskite to BM 210, 8RH (Figure 1B), whereas the
efficiency of the former was about half that of the latter (Fig-
ure 4B), mainly because of the lower photocurrent and lower
fill factor. This highlights the role of the mesoporous TiO, layer
in better carrier extraction. Moreover, we also compared the
IPCE spectra of the samples with BM and WM layers (Fig-
ures S5, Supporting Information). The lower IPCE values for
poorer quality layers can be observed for wavelengths below
500 nm, for which more carriers are excited close to the TiO,
layers owing to the higher absorbance.

To obtain more detailed information on charge transport in
the investigated cells, we performed electrochemical impe-
dance spectroscopy (EIS) measurements. The electrochemical
response of perovskite solar cells contains the resonance re-
sponse at two or three different frequencies, related to differ-
ent timescales of the charge-transfer processes.”" The Ny-
quist plots of the cells studied in this work (Figure S4A, Sup-
porting Information) exhibit two distinct time constants, so
they are modelled by two resistor-constant phase element (R-
CPE) circuits put in series with a resistance (Rs). The product of
CPE and the corresponding resistance has the meaning of
charge lifetime related to certain charge-transfer processes.
The first circuit illustrates the short lifetime (us) of electrons.
The second one represents the longer diffusion of ions (tenths
of second) processes, in line with the hysteresis effect ob-
served (Figure S3, Supporting Information).>?

The EIS results, measured under illumination conditions, are
shown in Figure 4C. The decrease in the shorter lifetime ac-
companies an increase in J,. This decrease indicates that the
shorter lifetime under illumination is associated with faster
(more efficient) charge extraction to contacts before compet-
ing recombination occurs. In the dark, this lifetime increases
significantly (Figure S4B) and is dependent on the applied volt-
age (reduced by one order of magnitude as the voltage
changes from 0.5 to 0.9 V). Similar behavior has been reported
previously by some of us for MAPbI; cells with spiro-
OMeTAD.B" There are no photoinduced charges in the dark,
and thus, in such conditions, the obtained lifetime should be
associated with the charge transfer from contact materials to
perovskite, showing the timescale of the charge recombination
process. It should be noted that in most EIS studies of PSCs,
the experiments are only performed in the dark, and typically,
longer lifetimes indicate better cells with slower recombina-
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tion. Our results indicate that, on the contrary, the experiment
under illumination shows the influence of charge extraction,
which is faster for the more efficient samples.

The EIS studies also allowed the extraction of the series re-
sistance, the average value of which was R;=90 Q for the pre-
pared cells. We calculated that if such series resistance is elimi-
nated, the FF of the best sample would increase from 0.64 to
0.70, leading to an efficiency of 14.9%, an improvement of a
factor of around 1.1.

Time-resolved emission investigation

Finally, the samples were investigated using time-resolved
emission spectroscopy. The obtained decays were first charac-
terized in the simplest way by half-lifetime (the time after
which the amplitude is equal to half the initial value), present-
ed in Figure 5A (for the excitation from spiro-OMeTAD side,
planar samples are not included). Generally shorter lifetimes
are observed for the cells with higher long-wavelength absorb-
ance. The half-lifetime decreases from around 14 ns for the
samples prepared under room conditions (lower absorption at
700 nm) to 6 ns for that prepared at low humidity with the BM
layer (higher absorption). This indicates that in more efficient
cells (with higher absorbance and purer perovskite phase) the
charge transfer to selective contacts is faster.

Then, we analyzed the fluorescence decays in more detail.
The decay of photoexcited carriers in perovskites proceeds in
two main ways: recombination, and injection of carrier to se-
lective transporting material.'**'*3) The contribution of a spe-
cific type of recombination of carriers depends on the density
of states, and thus, on the excitation energy (laser pulse
power). Decay of excited carriers (n) in a perovskite is de-
scribed by Equation (3), in which k; is the first-order rate con-
stant (which consists of trap-assisted Shockley-Read-Hall re-
combination and charge injection) and k, is the second-order
recombination rate constant (free carrier recombination).*3

—%:kmqtkzn2 (3)
In Equation (3), the third-order Auger recombination was ne-
glected, as it usually occurs for high excitation intensity. Ana-
lytical solution of the Equation (3) is as given in Equation (4), in
which n, is the initial charge carriers population and t, is the
time of excitation (maximum amplitude in fluorescence
decays)."”

nok;,
kyexp (ki (t — to)) + nok;[exp (ki (t — t,)) — 1]

n(t) = (4)

First, we investigated the influence of excitation pulse inten-
sity (laser power) on the recombination rate constants to
check the validity of the above model. The expected slowing
down of fluorescence decays with decreasing excitation power
(the example shown in Figure S6, Supporting Information) was
observed. The decays were fitted with Equation (4) with the in-
itial charge population n, varied proportionally to the excita-

Chem. Eur. J. 2019, 25, 5978 - 5986 www.chemeurj.org

140

5983

CHEMISTRY

A European Journal

Full Paper

(A)

14 4

|
6- .

00 01 02 03 04 05 06 07
Absorbance at 700 nm

01 02 03 04 05 06 07
Absorbance at 700 nm

01 02 03 04 05 06 07
Absorbance at 700 nm

Figure 5. Half amplitude lifetime (A), and first- (B) and second-order (C) re-
combination rate constants as a function of absorbance at 700 nm.

tion power (determination of exact n, value is difficult). The
obtained first- and second-order rate constants (parameters k,
and k,) for the selected samples are shown in Table 3, and
their similar values for all excitation power values means that
Equation (4) can describe the kinetics properly.
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Table 3. First- (k;) and second-order (k,) recombination rate constants as
a function of excitation laser power for sample WM <10, 10RH, ob-
tained from fitting emission decays with Equation (4).

Excitation laser power [uW] k, [107° ns™"] k, W' ns™']
450 0.90 0.19
150 1.12 0.18

50 1.07 0.17

The first- and second-order recombination rate constants
obtained for the studied samples versus the long-wavelength
absorbance are shown in Figure 5B,C. The increase in k; with
more efficient (with higher absorbance at 700 nm) cells can be
explained by the faster carriers transfer to selective transport-
ing material, which should be the first-order process.”® On the
other hand, the increase in k, values with the sample absorb-
ance is more difficult to clarify. It can be explained by a higher
second-order recombination process in the desired perovskite
phase with respect to those in the samples with more unreact-
ed precursors. Another possibility is that the charge transfer to
contact materials is described by both the k; and k, parame-
ters, at least if the simple Equation (3) is used to simulate the
charge population decay.

Conclusion

We focused on mixed ion perovskite (FAPbI;)ygs(MAPbBr5)g;5
prepared under different conditions to obtain active layers of
different qualities. We used several techniques such as steady-
state absorption and emission, X-ray diffraction, scanning elec-
tron microscopy, photovoltaic measurements, electrochemical
impedance spectroscopy, and time-resolved fluorescence to
determine a correlation between the layer quality and the
solar cell performance.

The same amount of perovskite precursor was deposited on
all samples, but the long-wavelength absorbance (at 700 nm)
of the resultant active layer was different depending on the
deposition conditions (humidity and oxygen content, use of
anti-solvent, presence and quality of mesoporous titania layer).
Lower absorbance at long wavelength corresponded to addi-
tional absorption features in the short-wavelength range. We
propose that the absorbance ratio of longer (700 nm) to short-
er (600 nm) wavelengths provides a good description of the
layer quality. We confirmed this assumption by observing no
significant difference in the thickness of the active layer from
SEM cross-section images. In addition, the XRD analysis
showed a correlation between the absorbance at 700 nm and
the peak ratio of mixed-ion perovskite and unreacted precur-
sor phases. The efficiency of the prepared batches increased
with increasing absorbance at 700 nm. The EIS investigation
under illumination revealed that the interfacial charge transfer
becomes faster with increasing photocurrent of the cells. Final-
ly, the charge population decays were studied by using time-
resolved fluorescence spectroscopy to understand the relation
between the photovoltaic efficiency and the charge dynamics.
For the most efficient samples, emission half-lifetimes of about
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6 ns were observed (upon excitation with 420 nm pulses of
~0.5 mW power). Both first- and second-order rate constants
were found to increase with increasing long-wavelength ab-
sorption of the perovskite layer and device efficiencies, proba-
bly owing to a more rapid charge injection. This is in contrast
to many studies of the isolated perovskite material, in which
better quality is related to longer lifetimes owing to slower
charge recombination.

Experimental Section
Sample preparation

Plates of 1.4%x1.9 cm were cut from FTO glass (&~ 13 Q/sq, Sigma
Aldrich) and cleaned in a soap solution, distilled water, and ethanol
in an ultrasound bath for 15 min each. Finally, a UV ozone cleaner
was used. A 0.34m solution of titanium isopropoxide (100 pL,
Sigma-Aldrich) in anhydrous ethanol (PoCH) was spin-coated at
2000 rpm for 1 min and then dried at 125°C for 5 min to obtain a
compact TiO, layer (c-TiO,). A mesoporous TiO, (mp-TiO,) layer was
provided by spin-coating of mesoporous titania paste at 5000 rpm
for 30s. In our research, two kinds of mesoporous paste were
used. The first was the original 15-20 nm particle paste (T600, So-
laronix), and the second was 18-20 nm TiO, particle nanopaste
(screen-printable paste, DN-GPS-18TS, Dyenamo), diluted in etha-
nol (TiO,/EtOH 1:5 w/w, PoCH). The first paste gave poorer quality
(worse) mesoporous layers (probably owing to aggregations in the
original package as a result of aging), so it is abbreviated as “WM”,
whereas the second paste (freshly prepared by dilution of a denser
one) gave a higher-quality (better) mesoporous structure, and is
abbreviated as “BM".

After drying at 100°C for 5 min, the samples were heated at 450°C
for 30 min. They were then dipped into a solution of 140 uL of
TiCl, (Sigma-Aldrich) diluted in H,O (25 mL) and heated at 70°C for
20 min. Finally, they were heated at 475 °C for 30 min. Formamidi-
nium iodide (FAI, 1.275m, Dyenamo), lead iodide (Pbl,, 1.275m,
Sigma-Aldrich), methylammonium bromide (MABr, 0.225m, Dyena-
mo), and lead bromide (PbBr,, 0.225m, Sigma-Aldrich) were dis-
solved in anhydrous N,N-dimethylformamide (DMF, Sigma) and di-
methyl sulfoxide (DMSO, PoCH) (4:1, vol/vol) and deposited on the
samples by spin-coating (3000 rom for 60s or with additional
5000 rpm for next 40s). An anti-solvent (toluene, 300 pL, Merck)
was applied 8 s before the end of the spinning. The cells were an-
nealed on a hot plate at 110 °C for 1 h. Different conditions of dep-
osition and annealing of mixed-cation perovskite films are de-
scribed in Table 1. The hole-transporting material layer was depos-
ited by spin-coating from a solution consisting of 2,2',7,7-tetra-
kis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluoren (spiro-
OMeTAD, 72.3 mgmL~', Sigma-Aldrich), 4-tert-butylpyridine (TBP,
28.8 uLmL™", Aldrich), and a solution of lithium bis(trifluorometha-
nesulfonyl) imide (LiTFSI, 17.5 uLmL™", Sigma-Aldrich), all dissolved
in chlorobenzene (1 mL, Sigma-Aldrich). Perovskite layer synthesis
and spiro-OMeTAD deposition were conducted under controlled
conditions in a glovebox. Finally, gold electrodes (area S=
0.05 cm?) were deposited by sputtering (using a mask).

Sample characterization

The current-voltage measurements were performed under stan-
dard sunlight simulation conditions (delivered by 150 W Xe lamp
and AM1.5G filter) with an Autolab M101 potentiostat coupled
with a photoelectric spectrometer with the option of a solar simu-
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lator (Instytut Fotonowy—Photon Institute, Poland). The intensity
was adjusted to provide 1Sun illumination (100 mMWcm ) by
using a calibrated silicon solar cell (15151, ABET). However, it
should be noted that most of the measurements were performed
under irradiation slightly below 1 Sun conditions (0.9 Sun); only
upon presenting the most efficient cells was the condition of
1 Sun intensity well respected. The perovskite active layer area was
about 2 cm? and the best of the several deposited gold electrodes
of active area 0.05 cm” was used for the current-voltage measure-
ments. Current-voltage curves were collected for the reverse scan
(from open-circuit voltage to zero), and the scan rate was equal to
200 mVs~". For some samples, the forward scan with the same rate
was applied to determine the hysteresis of the cells. The photovol-
taic parameters were averaged from —three to six samples. Impe-
dance spectroscopy data were analyzed by an M101/FRA32wm re-
sponse analyzer module (Autolab) under 1 Sun illumination (near
short-circuit conditions) and in the dark. A voltage perturbation of
10 mV was used, in the frequency range from 107" to 10°Hz
Zview (Scriber) was applied to fit the equivalent circuit of the ob-
tained spectra. IPCE spectra were measured with the photoelectric
spectrometer mentioned above (without bias light and without
chopping of the monochromatic light).

UV/Vis absorption spectra were recorded with a JASCO V-770 spec-
trometer equipped with 150 mm integrating sphere (LN-925). The
absorbance values were averaged from —six to twelve samples.
The cross-section images were delivered by a Jeol 7001 TTLS field-
emission scanning electron microscope (SEM) working at an accel-
eration voltage of 5 kV. X-ray diffraction (XRD) experiments were
performed using X'pert’ Panalytical with a Cu X-ray source (A=
1.5406 A). The time-resolved emission data were collected using
the time-correlated single photon counting technique (TCSPC) in
the time range from picosecond to nanosecond.®” TCSPC meas-
urements were performed at the magic angle with a pump pulse
repetition rate of 4 MHz and time per channel of 24.4 ps. This
setup was also used to measure the stationary emission spectra.
The excitation wavelength was equal to 421 nm. For minimization
of the effect of possible random fluctuation of the results, the
emission measurements were performed for at least two places on
the sample, and the results were averaged from —two to four
samples from the same batch.
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ABSTRACT: The properties of efficient solar cells fabricated with triple-cation
perovskite placed between a mesoporous titania layer and a spiro-OMeTAD layer are [
studied by using devices either prepared under water-free drybox conditions or | .‘" 1D
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fabricated under ambient room humidity. The morphological studies indicate that the > AR .‘.‘ /
content of unreacted Pbl, phase in the perovskite structure is much higher near the £
interface with titania than near the interface with spiro-OMeTAD. The stationary < == ) R o
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emission spectra and transient bleach peaks of perovskites show additional long- 4 Wavelength (nm) PR Fe' e
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wavelength features close to the titania side. Time-resolved techniques ranging from § @

femtoseconds to seconds reveal further differences in charge dynamics at both
interfaces. The population decay is significantly faster at the titania side than at the
spiro-OMeTAD side for the cells prepared under ambient conditions. An increased
hole injection rate correlates with higher photocurrent seen in the devices prepared e
under drybox conditions. The charge recombination loss on the millisecond time

scale is found to be slower at the interface with titania than at the interface with spiro-OMeTAD. The ideality factor of the cells is
found to increase with increasing DMSO content in the precursor solution, indicating a change in recombination mechanism from
bulk to surface recombination. We also found that the charge dynamics are not uniform within the whole perovskite layer. This
feature has significant implications for understanding the operation and optimizing the performance of solar devices based on mixed
cation perovskites.

KEYWORDS: perovskite solar cells, triple-cation perovskite, perovskite—TiO, interface, perovskite—HTM interface,
ultrafast time-resolved optical spectroscopy, impedance spectroscopy
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B INTRODUCTION

Perovskite solar cells (PSCs) have undergone a tremendous

all of that, most fundamental studies of PSCs are still mainly
limited to the standard MAPbI; structure.

Most of the time-resolved studies of PSC, including those
implemented in this work, require taking into account the
complex response of the perovskite layer to the light excitation.
Upon light absorption, pairs of electrons in the conduction
band and holes in the valence band are formed, followed by
fast processes on the subpicosecond time scale such as charge
cooling and exciton dissociation. These processes are

increase in efficiency from 3.8% in 2009" to an outstanding
25.2% certificated only 10 years later in 2019.> The initial and
the most studied perovskite structure for PSC is methyl-
ammonium lead triiodide (MAPbI,)." However, the MAPbI,
absorber suffers from instability under ambient conditions;
therefore, compositions with substitutions made for MA and I

have been investigated. The additions of the larger
formamidinium (FA) cation and bromide ion, with the
optimized configuration (FAPbI;),ss(MAPbBr;), 5, made
the structure more thermally stable, increased the band gap,
and provided higher tolerance for humidity.” Further
incorporation of small amounts of cesium atoms brings
humidity resistance and less susceptibility for structural
impurities.”> Many other substitutions have been tried, for
example, tin or bismuth to reduce toxicity(”7 or rubidium to
enhance charge mobility.” However, the benchmark triple-
cation configuration of FAj;sMAg19CsosPb(Iyg1Brg19)3
which we study in the present work, is frequently used when
one wants to get both stable and very efficient PSCs. Despite

© 2020 American Chemical Society

7 ACS Publications

accompanied by a band-edge shift due to charge screening
or band-gap renormalization effects.*” After charge thermal-
ization to the valence and conduction band edges, the
population of the charges is governed by the interplay of
charge recombination and injection of electrons or holes into
the electron transporting material (ETM) or hole transporting
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material (HTM), respectively.'® In the simplest approximation
(i.e., neglecting Auger recombination valid in the low range of
excited carriers concentration), the change of the population of
the excited carriers (n) in the bulk can be described by"'

_dn =kn+ k2n2

dt )
The first-order decay with the rate constant k; is related to the
trap-assisted recombination (Shockley—Read—Hall recombi-
nation). The second-order process described by the rate
constant k, is due to free carrier recombination (band-to-band
radiative recombination).

The injection of charges into the ETM or HTM contributes
to the first-order processes.12 However, in many cases the
apparent charge population decay can be affected by
reabsorption and/or diffusion processes, the inclusion of
which in eq 1 requires one to numerically solve the kinetic
equation.13’ * Therefore, the observed kinetics of the charge
population can be affected not only by the perovskite, HTM,
and ETM materials but also by the excitation wavelength,
excitation fluence, or the perovskite layer thickness.

Besides the properties of the perovskite absorber, the crucial
parts in the optimized operation of PSC are the perovskite/
ETM and perovskite/HTM interfaces. For standard MAPbI,,
time-resolved techniques were employed to study not only the
charge injection dynamics but also the influence of interfacial
recombination, interface trap states, and band bending.l‘F17
Therefore, one of the main goals of our work is to investigate
the interfaces of the benchmark triple-cation perovskite with
ETM and HTM, focusing on the differences in the dynamics
(probed by time-resolved techniques) and absorber structure
close to both interfaces. The absorption properties of
perovskite material allow us to probe the ETM or HTM
interfaces in the full?r assembled PSC either by illumination
from different sides'® or by tuning the illumination wave-
length.'® Although electronic transport is known to be very fast
in perovskites, an effect on the initial spatial distribution of
photocarriers is still expected'®'® because interfacial charge
injection is much faster than transport."* Also, with electron/
hole diffusion coefficients on the order of 0.5 cm?/ s,20 the
carriers will travel distances on the order of 200 nm in a time
span of nanoseconds. Thus, for typical absorber thicknesses in
PCSs of several hundreds of nanometers, the diffusion process
can still be observed by using optical time-resolved
techniques.'*

Reducing the fabrication costs is a very important aspect in
PSC development. Typically, PSCs are prepared in a highly
controlled environment in a glovebox, which makes the
procedure expensive and less available. Perovskite crystalliza-
tion and solar cell preparation can be transferred into an open-
air environment; however, a procedure to deal with and
control the amount of water content in open air should be
developed. Only a few papers have been published on this
subject so far: for the simple MAPbI, case”"** and also using a
more complicated formulation for triple-cation perovskite.”*
The presence of water can clearly affect both perovskite and
ETM/HTM materials. For example, it is well-known that water
triggers the perovskite decomposition to produce PbL,.** It was
observed that perovskite contact with a humid environment
produced faster recombination, a tendency to favor surface
recombination, and slower transport.”® The layer of spiro-
OMeTAD can be also strongly affected by water, mainly due to
the high hygroscopicity of the dopants.”®
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Therefore, in this work we focus on triple-cation perovskite
prepared under highly controlled dry conditions in a drybox
(DC) or under ambient conditions (AC) present under a fume
hood in the laboratory. It is expected that the performance of
AC samples is lower than those of DC ones, but it is also
interesting to study devices prepared at ambient conditions for
industrial reasons. Thus, another goal is to understand charge
dynamics (recombination and charge injection to interfaces)
for two state-of-the-art methods of perovskite preparation. For
that we take advantage of the information provided by
stationary and time-resolved optical spectroscopy techniques
as well as impedance spectroscopy measurements in the
frequency domain.

B MATERIALS AND METHODS

Sample Preparation. Two different sample preparation protocols
were used. In the first method, the perovskite precursor and spiro-
OMeTAD solutions were prepared in an argon-filled glovebox and
then transported to drybox where the spin coating of precursors,
heating, and spin coating of spiro-OMeTAD took place. These
samples are abbreviated as DC. In the second method, the solutions
were prepared in a nitrogen-filled glovebox and then transferred to a
fume hood under ambient air conditions for further processing; these
samples are abbreviated as AC.

Samples were prepared from 2.5 X 2.3 cm® (for AC samples) or 2.5
X 1.7 cm?® (for DC samples) conducting glass (FTO) substrates. The
substrates were cleaned with detergent, distilled water, ethanol, and
isopropanol for 15 min each. A compact layer of titania (TiO,) was
applied by using the spray pyrolysis technique from titanium
diisopropoxide (6.67% in EtOH v/v). On the top, mesoporous
TiO, paste (Greatcellsolar, 30NR-D, diluted 1:6 w/w in EtOH) was
deposited by spin coating (10 s, 2000 rpm). The
FAg76MAg19Cs0sPb(Iyg1Brg10); perovskite precursor solution was
obtained by mixing 1.5 M formamidinium lead triiodide (FAPbI;)
with 1.5 M methylammonium lead tribromide (MAPbBr;) solutions,
both in 4:1 dimethylformamide:dimethyl sulfoxide (DMF:DMSO,
with 10% Pb excess), and 1.5 M cesium iodide (CsI) in DMSO with
ratio 95:19:6 (v/v/v). The perovskite layer was deposited by two-step
spin coating (10 s at 2000 rpm and then 20 s at 4000 rpm) with
chlorobenzene (ChB) as antisolvent (10 s before the end). 2,2,7,7’-
Tetrakis[ N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD, 72.3 mg/mL in ChB) with additives, i.e., 17.5 uL of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 520 mg/mL in
acetonitrile) and 29 uL 4-tert-butylpyridine (TPB), was used as hole
transporting material, deposited by spin coating (30 s at 4000 rpm).
Finally, 80 nm thick gold electrodes were evaporated on top of spiro-
OMeTAD layer. For the AC case, different DMSO:DMF ratios were
applied in 1.5 M FAPDbI; solution to create 0.4, 0.32, 0.27, or 0.24
DMSO content (v/v) in final solution. For DC samples only standard
0.24 DMSO content (v/v) was used.

It has been shown recently that the absolute content of water
measured in the form of partial water vapor pressure (WVP) is the
determining lab parameter that needs to be considered during
preparation of PSCs at ambient conditions.”” This parameter is given
by the formula

RH

100 B (2)
where RH is the relative percent humidity and P, is saturation vapor
pressure (in kPa) for a given temperature. Therefore, the WVP
parameter has been also controlled for the cells prepared under
ambient conditions.

Sample Characterization. For spectral characterization of PSC, a
steady-state absorption setup (Jasco V-770) coupled with an
integrating sphere (Jasco ILN-925) was used. In the studies of the
solar cells with different absorption values for the active material, it is
often helpful to compare the relative corrected photocurrent of the
cells, which gives the information about the total efficiency of the
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charge separation. Therefore, in our works we introduce the
parameter called total APCE (APCE is absorbed photon to current
efficiency).”® It can be calculated based on the measured short-circuit
current of the cell, Jsc, and the number of absorbed photons, Ny
(obtained from integration of stationary absorptance spectrum

multiplied by the photon flux spectrum from AM1.5G data):
Jsc
“Nph ©))

where ¢ is the elementary charge. In the present work we consider the
correlation between total APCE and time constants or perovskite
layer thickness. We also use the corrected photocurrent to compare
the charge separation efliciency in the cells of different thicknesses.

A femtosecond transient absorption setup (Spectra-Physics laser
system and Helios spectrometer, Ultrafast Systems) was used to
measure ultrafast dynamics.”® The excitation wavelength was set at
505 nm (1 kHz repetition rate), and two different pump pulse energy
densities (10 or 30 yJ/cm*) were used. The instrument response
function was 0.4 ps (FWHM). Emission decays as well as stationary
fluorescence spectra were obtained by using the time-correlated single
photon counting technique (TCSPC) with temporal resolution from
pico- to nanoseconds, detection range from 450 to 820 nm, and
excitation wavelength equal to 407 nm (power 400 W at repetition
rate 4 MHz).*" The kinetics of time-resolved emission and absorption
studies were analyzed by determination of half-lifetimes or by fitting
with an analytical function. The solution of eq 1 can be given by the
function' !

total APCE =

noky
ky exp(kit) + noky(exp(k;t) — 1) (4)

where n, is the initial charge population density. The transient
absorption data were also investigated by using global analysis, the
band integral, and the stretched exponential function (the details will
be given in the Results and Discussion section). The lifetimes are
given as averaged values from S to 10 samples along with the
estimated errors as standard deviation.

For AC samples, current density—voltage (J—V) curves were
measured under a solar simulator (ABET-Sun2000) with an AML.5
filter by using a scan rate of 100 mV/s and a sweep delay of 20 s.
Samples prepared in DC conditions were characterized by an LED
solar simulator (VeraSol-2, Newport). A Keithley Model 2400 digital
source meter was used to apply external bias and record photocurrent.
The active area was 0.16 cm? in both cases. Impedance spectroscopy
(IS) measurements were provided by red and blue LEDs (blue, 465
nm; red, 635 nm) over a range of direct current intensities. This
allows for probing the devices with two distinct optical penetration
depths."” The impedance response was measured by using a
potentiostat (PGSTAT302N/FRA2, Autolab), and NOVA 1.7
software was used to analyze the data. For these experiments, a 20
mV perturbation in the 10°~107" Hz range was applied. To avoid
voltage drop due to the series resistance, IS measurements were
performed at open-circuit potential under varying illumination
intensities to achieve different positions of the Fermi level in the
semiconductor.

Sample cross sections were prepared by focused ion beam (FIB)
using a JEOL JIB-4000 instrument. First, a carbon thin film was
deposited to protect the area of interest—one of the sample’s gold top
electrodes. This process protects the delicate surface from damage
during the FIB milling. Then a series of cuts by Ga* beam were made,
with acceleration voltage between 5 and 30 kV. Finally, the cross
section was transferred ex situ onto a commercial Cu grid by a sharp
glass probe. The lamella was expose to air for a total of ~5 min
between preparation and transference to the TEM column. Trans-
mission electron microscopy (TEM) images were collected on a
JEOL ARM-200F microscope working at 80 kV equipped with an
energy dispersive X-ray spectroscopy (EDX) detector. Electron
energy-loss spectroscopy (EELS) and selected area electron
diffraction (SAED) were used to study the diffraction pattern and
the distribution of nitrogen and carbon elements. Grazing incident X-

n(t) =

ray diffraction experiments (Gi-XRD) were performed on a X'Pert®
PANAlytical instrument, operating at 45 kV and 40 mA. Samples were
measured from 10° to 45° 20, sweeping the incident angle between
0.05° and 5° . Data were corrected and presented in a 2D
topographical map by using OriginLab2017 software.

B RESULTS AND DISCUSSION

Stationary Absorption and Photovoltaic Parameters.
The triple-cation perovskite solar cells were prepared by two
methods: under drybox conditions (DC) or under ambient air
conditions (AC), as described in the Materials and Methods
section. In both cases the electron transporting material
(ETM) consists of combined compact and mesoporous TiO,
layers, while the hole transporting material (HTM) is spiro-
OMeTAD. The best current—voltage curves and representative
stationary absorption spectra for each type of sample are
presented in the Supporting Information (Figure S1). The
obtained efficiencies of the best cells were equal to 17.3% and
14.3% for DC and AC samples, respectively (Figure S1A). For
DC samples two batches of cells were prepared (manufactured
by two different people), and they differed slightly by the
perovskite thickness, as revealed in the absorption spectra
(Figure S1B). However, within the same batch the absorption
spectra were very similar to each other. The DC samples
selected for further time-resolved studies varied significantly in
photocurrent; therefore, the correlations between dynamic
parameters and photovoltaic performances could be explored.
For AC samples, a much higher variety in the perovskite layer
thickness was observed (Figure SI1B shows the absorption
spectra of the thickest and the thinnest AC sample). However,
the corrected photocurrent was similar for most of the AC cells
(total APCE = 90 + 4%). Therefore, in contrast to DC
samples, AC cells serve to explore the effect of the perovskite
thickness on the observed dynamics. For further time-resolved
studies, complete solar cells with measured photovoltaic
parameters were used as the samples.

The AC samples were prepared with varying DMSO:DMF
ratios (0.24, 0.27, 0.32, and 0.40 v/v) in precursor solution for
different WVP conditions (0.9, 1.0, 1.1, and 1.3 kPa). Recently,
these parameters were shown to influence the performance and
aging effects of MAPDI; solar cells prepared under ambient
air.”” However, within our experimental errors, no such
correlations could be observed in the case of triple-cation
perovskite, at least for the studied DMSO:DMEF ratio range.
Figure S2 presents the photovoltaic parameters of the cells for
different DMSO:DMF ratios and WVP conditions. The
thickness of the prepared perovskite layer does not seem to
be significantly influenced by the DMSO:DMF ratio or WVP
condition. As an example, Figure S3A presents the statistics of
the sample thickness for different DMSO:DMEF ratios based on
over 60 samples.

The hysteresis index for AC samples is relatively low (HI =
0.10 + 0.03). Figure S3B presents the exemplary current—
voltage curve for forward and reverse direction, and the
definition of HI is given in its caption.

Structural and Morphological Analysis. SEM, TEM,
and Gi-XRD measurements were used to determine and
understand the structure, thickness, morphology, and perov-
skite phase content in the AC cells. Figure 1 shows a cross-
section TEM image of a lamella cut of the cells with different
absorbance values (lower A(700 nm) = 0.95 and higher A(700
nm) = 1.30). The values of absorbance at 700 nm correspond
well to the observed thickness of the perovskite layer, which
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Figure 1. Cross-section transmission electron microscopy images of
the thinner (A) and thicker (B) AC samples with the indicated layer
thicknesses.

allows us to directly relate the absorbance to the width of the
active layer. TEM-EELS-SAED experiments (Figure S$4)
revealed that the distribution of nitrogen and carbon is
homogeneous between the top organic layer (spiro-OMeTAD)
and the titania layer. Diffraction patterns show a polycrystalline
structure of the perovskite layer with interplanar distances
comparable to those observed in XRD pattern. TEM-EDX
experiments (Figure SS) show a homogeneous distribution of
Pb and Cs atoms and their mixing within the TiO, porous
layer. Slightly porous and empty areas resembling bubbles or
cavities can also be observed. We have verified that these
inhomogeneities do not originate from the way the lamella are
cut.

Figure S6 presents the SEM top-view images of the
perovskite structure for one batch of AC samples at WVP =
0.9 kPa and different DMSO:DMF ratios. Crystal grains
ranging from 100 to 400 nm can be recognized. A smoother
and more homogeneous perovskite surface at the HTM
contact yields slightly better photovoltaic parameters. In this
particular batch, the best performing cells were made with 0.32
DMSO:DMF content. However, for other batches this result
was not confirmed, so no general conclusions about this
particular DMSO:DMEF ratio can be drawn.

The most important findings of this section come from the
Gi-XRD studies which give information about the perovskite
structure at different penetration depths from the top gold
electrode (HTM side) obtained with different angles of the
incident beam. Figure 2 presents the maps of X-ray diffraction
patterns (26 angle) as a function of the X-ray beam grazing
angle (w) for the same samples shown in Figure 1. The
simulated calibration plots to convert the incident angle into
the attenuation depth® for Au and perovskite are shown in
Figure S7. The characteristic diffraction peaks for the
perovskite (20 = 14.1°, 28.5°, and 31.9°, black dots), unreacted
Pbl, phase (26 = 12.7°, red diamonds), and Au (26 = 38.1°,
brown triangles) are indicated in Figure 2. For the thinner
sample in Figure 2A, the pattern due to pure perovskite
appears just below the HTM surface (~4 nm, corresponding to
@ = 0.12), while the unreacted Pbl, phase occurs around 60
nm (@ = 0.43). It should be noted that the Au (111) peak
from the top layer appears at @ = 0.31 (1.5 nm from the top)
due to the different density of the materials. Figure S8A shows
the XRD patterns for selected penetration depth, and Figure
S8B shows the extracted ratio of the Pbl, to perovskite peaks
for the same sample. They show that the deeper the X-ray
beam reaches, the higher the content of Pbl,, with the
maximum Pbl, content occurring in the perovskite layer ~150
nm below the HTM interface. Based on Figure 1A with a
perovskite layer thickness of ~500 nm, unreacted PbI, is
present ~350 nm from the bottom TiO, interface. For the
second sample with the perovskite layer being thicker by about
250 nm (~750 nm total perovskite thickness, Figure 1B), the
unreacted Pbl, phase does not appear until a penetration depth
of 200—300 nm (it becomes present only for @ > 2.5, Figure
2B). These measurements suggest that the presence of Pbl, is
found in all samples within a similar distance from the bottom
titania interface.

The role of unreacted Pbl, is widely described in the
literature.>* > A small amount of unreacted Pbl, has been
reported to improve the efficiency.’*™** It was shown that
Pbl,-rich grains exhibit a longer lifetime because of the
suppression of defect trapping,®>*” and Pbl, excess leads to a
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Figure 2. Diffraction pattern vs different grazing angle @ maps with pointed characteristic peaks for thinner (A) and thicker sample (B). Black dots
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Figure 3. Emission spectra measured from ETM (black) and HTM (red) side (1., = 407 nm) (A) and photoluminescence decays measured from
ETM (blue) and HTM (red) side with fit first- and second-order decay mixed function (black) (B) for the exemplary AC samples.

more efficient electron injection to TiO,.* However, too large
of a contribution of Pbl, has a detrimental effect on the solar
cell performance.****~* Too thick a Pbl, layer (>20 nm) at
the perovskite/HTM interface lowered the photocurrent.*> An
excess of Pbl, content had undesirable effects on the PSCs
stability as well as on device hysteresis.”**" Our results indicate
that the content of unreacted Pbl, phase in the perovskite
structure is much higher near the interface with titania (ETM)
than near the interface with spiro-OMeTAD (HTM). This
means that the perovskite layer is not homogeneous, and the
difference observed in spectroscopic experiments described in
the next sections could be caused by higher concentration of
the unreacted phase in the region closer to the ETM.

Emission. We took advantage of the strong absorption of
the perovskite in the short-wavelength range to selectively
probe two different interfaces of the cells as the excitation light
is absorbed nearest to the illuminated surface. In our samples
more than 80% of light is absorbed within the first 100 nm of
perovskite layer for the excitation wavelength below 500 nm.
In the emission measurements the pump was set at 407 nm,
and the laser pulses were directed through either the ETM or
HTM side. The stationary emission and fluorescence decay
time constants scaling from hundreds of picoseconds to tens of
nanoseconds were measured by the time-correlated single
photon counting technique. In the case of excitation from the
HTM side, the areas of the devices without gold electrodes
were used. Figure 3A presents the representative stationary
emission results. The spectra were measured up to 800 nm
because the second-order diffraction of the pump wavelength
obscured the emission signals at longer wavelength. As can be
seen, the emission detected from the ETM side results in a red-
shifted emission peak with respect to that from HTM side. On
average for the AC cells the emission maximum is shifted from
770 + 3 nm at the HTM side to 784 + 2 nm at the ETM side.
The difference in emission from each side indicates that the
perovskite structure and/or composition is different for the
layers closest to HTM or ETM, which correlates with the XRD
results discussed in the previous section.

Further differences between the excitation from the ETM
and HTM side were observed in the kinetics of fluorescence
decay measured close to the band maximum (at 785 nm). For
AC samples a significantly longer decay at the HTM side was
always observed, which is presented in Figure 3B. The kinetics
were first analyzed in the simplest way by taking the decay half-

30403

lifetime. The first 100 ps was not analyzed as they contained
the contribution from the scattering artifact; this contribution
was higher on the HTM side, causing the difference in initial
intensities in Figure 3B. The emission half-lifetime statistics for
cells of similar perovskite thickness (absorbance around 1.0 at
700 nm) show that the average half-lifetime is equal to 1.61 +
0.12 and 2.37 + 0.30 ns for ETM and HTM sides, respectively.
The other parameters of all samples (15 in total), including
those with different thicknesses, were further studied and
compared. Table 1 presents the Pearson correlations between

Table 1. Pearson Correlations between the Parameters of
Emission, Corrected Photocurrent (Total APCE),
Absorbance (A) (Corresponding to the Sample Thickness),
and DMSO Content in Precursor Solution

ETM half- HTM half-  A(700 total DMSO
lifetime lifetime nm) APCE content
ETM half- 1 0.38 0.55¢ —0.13 —-0.33
lifetime
HTM half- 0.38 1 0.82 —0.46 —0.14
lifetime
A(700 nm) 0.55¢ 0.82 1 —-0.36 —0.25
total APCE —0.13 —0.46 —0.36 1 0.18
DMSO —0.33 —0.14 —0.25 0.18 1
content

“The correlation is statistically significant at the 0.05 level (a 95%
confidence interval).

half-lifetimes and relative photocurrent, perovskite thickness
(absorption), or DMSO:DMF ratio for AC samples. As can be
seen, significant correlations can only be found between half-
lifetimes and the stationary absorbance at 700 nm (0.5$ for
ETM-side half-lifetime and 0.82 for HTM-side half-lifetime).
The visualization of such correlations is presented in Figure
S9A,B. The apparent longer emission decay for thicker samples
agrees with recent reports and can be explained by the
reabsorption effect.'* Moreover, the charge population lifetime
in thicker samples can also increase due to diffusion effects
because there is a longer pathway for electron and holes to
reach the contact materials."* To exclude the effect of the
sample thickness, we performed an analogous analysis limited
only to the cells of similar thickness, which confirmed that the
DMSO:DMEF ratio had no effect on the lifetimes (Table S1). It
should be noted that the effect of different probe wavelengths
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Figure 4. TCSPC results, half-lifetime from HTM side (A), and ratio of ETM/HTM half-lifetimes (B) as a function of short-circuit current for two

different thickness of the DC samples.

was also checked (Table S2), and the variation of the emission
lifetime within the emission band was not higher than the
differences between HTM and ETM.

We have performed a more rigorous analysis by fitting the
mixed first- and second-order decay model (eq 4) to the
fluorescence kinetics. A good fit quality (correlation * > 0.99)
was obtained, and an example is presented in Figure 3B. For
AC samples of similar thicknesses the average second-order
rate constant was higher from the ETM side (k, gy = (13.5
1.9) x 10* ns™ W, standard error of the mean for five
samples is given) than from the HTM side (kyypy = (10.7 %
1.7) X 10* nsT'W™'), in agreement with the halflifetime
analysis. The first-order rate constant (k;) was negligible from
the HTM side, while from the ETM side a random distribution
around the small value of k; gy = 1 X 10™* ps™" was observed.
Significant Pearson correlations were found between k,gry
and absorbance at 700 nm (—0.57) and between ky v and
the absorbance (—0.65), which confirms the findings from half-
lifetimes. However, the Pearson coeflicients are not any closer
to 1 than those obtained from half-lifetime analysis. Therefore,
the parameters of eq 4 do not correlate better with the sample
thickness than half-lifetimes.

Differences between the dynamics at HTM and ETM sides
were also observed for the DC samples; however, the
fluorescence decay at the HTM side was not always longer
than from the ETM side. Figure 4A presents half-lifetime data
for two different batches with different thickness characterized
by indicated absorbance value at 700 nm. Clearly, the decay
from the HTM side is getting faster with increasing short-
circuit current of the measured cell. For the thicker cells (blue
triangles) the decays are slightly slower in comparison to the
thinner ones (red dots) due to reabsorption processes' and in
line with the results for AC samples, but the trend in the
correlation with the photocurrent is the same as for thinner
cells. The fluorescence decay measured closer to the HTM side
is governed more by hole injection into the spiro-OMeTAD
layer than electron injection into TiO,. Therefore, for DC cells
we can clearly see the correlation between the short-circuit
photocurrent and hole injection dynamics: the faster the hole
injection, the higher the short-circuit current of the cell. Similar
findings have been reported in our recent studies of the mixed
MA and FA solar cells.*” The ratios of half-lifetimes measured
from ETM and HTM side are shown in Figure 4B. A
significant asymmetry in the half-lifetimes from both sides is
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observed. Holes are transported about 3 times faster than
electrons in the highest performing cells with photocurrent
close to 20 mA/cm?® It indicates that the crucial part
responsible for the variation of the solar cell efficiency for
our DC cells is the interface between perovskite and spiro-
OMeTAD. Moreover, for efficient charge separation, the hole
transfer to spiro-OMeTAD needs to be faster than electron
transfer to TiO,. It should be noted that we also observed the
same trends for the test perovskite cells prepared in planar
configuration (only a compact TiO, layer without the
mesoporous layer), but in that case the best photocurrents
were significantly smaller.

The lifetimes obtained for AC and DC samples can be
compared for samples of similar perovskite layer thickness
(absorbance around 1.0 at 700 nm). Lifetimes are always
shorter for the cells prepared under ambient conditions. From
the HTM side, the DC cells with the best photocurrent show
half-lifetimes of about 3 ns (Figure 4A), while for AC cells it is
about 2.4 ns. An even larger difference is found for the
excitation from ETM side: half-lifetimes are about 6 ns for the
best DC cells (Figure 4) and 1.6 ns for AC cells. As the
photocurrent for AC cells is about 20% smaller than that for
DC cells, it is unlikely that the shorter lifetimes seen in AC
samples are due to faster charge injection to the contact
materials. The shorter lifetimes are more likely due to the
presence of more defects in the AC samples originating from
traces of water during fabrication. These defects will decrease
the lifetime due to increased trap-assisted recombination.
Interestingly, the comparison of the lifetimes suggests that
difference in the defect density between AC and DC samples is
larger closer to the ETM side where there is a higher
concentration of Pbl,. An alternative explanation is that the
density of defects is similar, but hole injection is significantly
slowed due to the humidity-affected spiro-OMeTAD layer in
AC cells.*

Transient Absorption. Femtosecond transient absorption
was measured upon excitation at S0S nm (at two intensities 10
or 30 uJ/cm?) in the spectral range from 670 to 830 nm and in
the temporal range up to 3 ns. The solar cells were probed in
transmission mode in the areas without gold electrodes from
either the ETM or HTM side. Similar to the emission
measurements, the absorbance at the pump wavelength is so
high (A > 3) that most of the light absorption in the perovskite
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takes place close to the ETM or HT'M interface, allowing these
interfaces to be selectively probed.

Figure S10 presents the representative transient absorption
spectra of the selected time delays between the pump and
probe pulses. The observed features of this triple-cation
perovskite look similar to many previous reports on the
standard MAPDI; perovskite, including those reported by us
earlier.*>** After the initial charge carrier relaxation, the signals
are dominated by the strong and sharp negative bleach peak at
740—745 nm, close to the absorption edge. This bleach
appears due to the band-filling mechanism,*> where its
amplitude represents the population of the excited carriers'*
and, in the simplest approximation, should follow eq 1. Figure
SA shows the representative comparison between the bleach
signal measured at ETM and HTM sides and the clear
additional negative feature in the long-wavelength range
observed for the ETM side. We have observed these
differences for both AC and DC samples. Moreover, Figure
SB presents the statistics of the bleach maximum for the two
excitation intensities, and it is always red-shifted for the ETM
interface with respect to the HTM one. It can be noted that for
the increased pump pulse intensity the maximum of the bleach
band moves slightly to the blue for the corresponding
interfaces (with simultaneous broadening of the bleach
band), which is also in line with the band-filling mecha-

nism.**~*® The red-shift of the bleach signal for the ETM side
agrees with the red-shifted emission from this side reported in
the previous section (Figure 3A), which might be explained by
differences in the conduction and valence band alignment of
perovskite layers closer to titania with respect to those closer to
spiro-OMeTAD. In particular, the additional red-shifted
features on the ETM side in both the stationary emission
and transient absorption bleach bands can originate from the
perovskite structure disturbed by the unreacted Pbl, phase as
described earlier (e.g., by introducing additional trap states
responsible for the red-shifted absorption and emission).
Another possibility is that there is a different ratio of bromide/
iodide content at the interfaces, which could modify the band
gap."” However, the latter hypothesis could not be verified in
our TEM-EDX analysis because the signals of these elements
overlap with copper (from the grid), carbon, nitrogen, and
oxygen. Interestingly, ion migration was found to be obstructed
in the Pbl,-deficient samples, which both decreased the current
voltage hysteresis and increased the photostability.***' There-
fore, it is possible that ion segregation leading to different
ratios of bromide/iodide is only possible close to the ETM
where we observe an excess of Pbl, content in our samples.
Our analysis of the transient absorption dynamics started
with the simplest approach of global fitting using a two-
exponential function.”” Examples of these global fits (pre-
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exponential factor spectra and associated time constants) are
shown in Figure 6 and Figure S11. The first subpicosecond
component has a shape characteristic of the band-edge shift,
which is due to charge cooling and/or exciton dissociation. We
have not observed any influence of the excitation side or the
solar cell parameters on the time constant of this component.
The second, longer component dominated by the bleach band
represents the average decay of the charge population. This
time constant is always longer on the HTM than on the ETM
side for AC samples, which is in agreement with the findings
from the emission decays and further endorses the asymmetry
in the electron and hole injection dynamics. It is also possible
that the presence of Pbl, affects the recombination and/or
charge injection rates, which contributes to the differences in
the charge population dynamics between HTM and ETM
sides. For AC samples of similar thickness, the average time
constants are equal: 7, gy = 3.50 + 0.69 ns, 7, gy = 5.52 +
0.61 ns for 10 pJ/cm® and 7, gy = 1.59 % 0.15 ns, Typry =
2.02 + 0.18 ns for 30 uJ/cm” pump intensity. The shortening
of the time constants at higher pump intensity (and also the
differences between the time constant values in transient
absorption and emission measurements reported in the
previous section) is due to the second-order processes (eq
1) which accelerate the charge population decay for higher
charge density.

Table 2 presents the Pearson correlations between the
longer time constants of the two-exponential global fit at lower

Table 2. Pearson Correlations between the Parameters of
Transient Absorption, Corrected Photocurrent (Total
APCE), Absorbance (A) (Corresponding to the Sample
Thickness), and DMSO Content in Precursor Solution”

A(700 total DMSO
5,(ETM) 7,(HTM) nm) APCE content
7,(ETM) 1 0.46 0.78% —0.85¢ —0.43
7,(HTM) 0.46 1 0.50 —-0.29 —0.40
A(700 nm) 0.78¢ 0.50 1 —0.38 —-0.26
total APCE —0.85¢ —0.28 —0.38 1 0.49
DMSO —0.43 —0.40 —-0.26 0.49 1

content

“The correlation is statistically significant at the 0.05 level (a 95%
confidence interval).

intensity and relative photocurrent, perovskite thickness
(absorption), or DMSO:DMF content ratio for AC samples.
As can be seen, significant correlations can only be found
between the time constants and the stationary absorbance at
700 nm (0.78 for the ETM side) or total APCE (—0.85 for the
ETM side). This agrees with the findings presented in the
emission section that the apparent lifetime increases for higher
perovskite thickness and that the lifetime decreases for better
relative photocurrent. The visualization of the correlations of
the transient absorption lifetime with the absorbance is
presented in Figure S9C,D. Similar to the emission study,
the Pearson’s correlations limited to the samples of the same
thickness are shown in Table S3, again showing no effect of the
DMSO content on the lifetimes.

To get further insights into the electron dynamics, a more
complex analysis of the transient absorption dynamics was
performed. In the multiexponential global analysis, a four-
exponential function gives a better fit, especially for a higher
pump pulse intensity. As we have previously reported, the
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additional fit components better describe the initial decay of
the charges occupyin% higher energy levels in the conduction
and valence bands.***® Examples of two- or four-exponential
fits are shown in Figure S11. The time constants are always
longer for the HTM side, and the additional red-shifted
features appear for the pre-exponential factor spectra on the
ETM side.

We have recently reported that for MAPDbI; perovskite the
charge population is most properly described by the band
integral (BI).* The integral calculated over the entire band is
insensitive to the spectral shift of the band (e.g., caused by the
Burstein—Moss effect in perovskjtes)45 and reflects population
dynamics if the oscillator strengths of optical transitions do not
change.”” Therefore, such BIs were calculated for the triple-
cation perovskite samples studied in this work (Figure S12A),
and we have fit them with a stretched exponential function,
mixed first- and second-order decay function (eq 4), and its
modification. The details of the fits are presented in the
Supporting Information (Tables S4 and SS, Figure S13A). In
the stretched exponential analysis, the characteristic times (7)
values are smaller on the ETM than on the HTM side, while
the values of the stretch parameter (/) are significantly smaller
on the ETM side than on the HTM side (Figure S12B), which
indicates more stretched kinetics at ETM side. However, the
Pearson correlations were not better than those for two-
exponential approximation shown in Table 2. Equation 4 was
poorly fitted to BI of the transient absorption, especially for the
higher pump pulse intensity (30 uJ/cm?). Interestingly, quite a
good fit was observed when the mixed first- and second-order
function given by eq 4 was “stretched” by raising it to a power
lower than 1. We have found the best fits with the power equal
to 0.3 (Figure S13B), though its physical meaning is rather
hard to explain, and higher k, values from ETM than HTM
side (Table SS). Overall, the fits of the different analytical
functions to BI kinetics confirm the findings from the simple
two-exponential global analysis (Table 2), but more physical
insights cannot be deduced from the fitted parameters. The
true kinetics are most likely described by a more complex
model including charge diffusion and reabsorption of the
light,">'* which requires the fits to the numerical solutions of
the differential charge population equations. A more complex
model would result in a more precise determination of the
first- and second-order rate constants and their correlations
with other solar cell parameters; however, it was beyond the
scope of this work.

Electrochemical Impedance Spectroscopy. AC sam-
ples prepared under different DMSO:DMF ratios and WVP
values have been studied by electrochemical impedance
spectroscopy at open-circuit potential in the frequency range
10°~107" Hz. Two different LED bias wavelengths were used
(465 nm (blue) and 635 nm (red)) to establish the impact of
different optical penetration depths in the perovskite layer."
Because of the high perovskite absorption in the blue region,
the 465 nm LED light is absorbed in the 200 nm closest to the
titania/perovskite interface. In contrast, the 635 nm LED light
has a longer penetration depth, so information obtained by red
light bias characterizes charge behavior in the perovskite
regions further from the titania layer.'” The impedance spectra
were mainly characterized by a high-frequency (HF) signal at
10° Hz (Figure S14), which has been associated with electronic
transport and recombination processes in the perovskite
layer.'”*°™>* The HF signal was analyzed by fitting to a
Voight equivalent circuit (inset in Figure S14A). The HF
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nm) and red (635 nm) light bias for WVP = 1.1 kPa. Recombination resistance (A) and the ideality factor for different WVP (B) for the samples

prepared with different DMSO ratios.

resistance (Ryp) extracted from the impedance results are
given in Figure 7A as a function of open-circuit potential, while
HF capacitance (Cyp) and time constant are shown in Figure
S15. In the case of Cyp, blue and red signals agree, showing
small (~107® F) and almost constant values for all bias voltages
close to Vo (Figure SISA) which are typical for perovskite
solar cells.”® By contrast, Ry varies exponentially with the
open-circuit potential following eq 5. From Figure 7A, lower
values of Ryp are observed with red light illumination than
those for those with blue light regardless of DMSO ratio.
However, when the Ryp is compared for different DMSO
ratios, higher values of Ry, are obtained for the lowest DMSO
concentration. Taking into account that the red light
illumination produces photogenerated charged carriers further
away from titania/perovskite interface compared to blue light
illumination, the lower Ryp values can be analyzed as a
magnification of charge recombination loss close to the
perovskite/HTM interface and/or a shorter diffusion length
due to a global acceleration of the recombination rate.

The ideality factors (m) were obtained from the slopes of
the graphs of the resistance (Ryy) vs potential (V) according to
the following equat‘.ion:lg’so’55

kaT] (8)

where Ryopr is the resistance at bias potential equal to zero, kg
is the Boltzmann constant, and T is temperature. We can
clearly see from Figure 7B that the ideality factor becomes
higher with higher DMSO concentration. The smallest and
best values of the ideality factor (m between 1 and 1.5) are
obtained for 0.24 DMSO:DMF ratio. These ideality factor
values are in line with those previously obtained for pure
MAPDI; in AC conditions.”" The variation of the ideality factor
with DMSO concentration can be interpreted as a change of
the recombination mechanism (from bulk to surface
recombination). This interpretation is supported by a larger
shift between red and blue excitation data for a cell with a
lower ideality factor."’

Finally, we have also measured the electrochemical
impedance for DC samples. In this case a different
configuration was used—the cells were measured both in the
dark and under 1 sun illumination at different bias voltages in

Ryr = Roour exp[

30407

non-open-circuit conditions, permitting the flow of the charges
through the circuit. At such conditions the time constants
obtained in the dark correspond to the recombination
processes, while those under illumination contain an additional
contribution from the transfer of the photogenerated carriers
to ETM and HTM. The exemplary results for the cells that
differ in photocurrent are presented in Figure S16. The time
constants in the dark are similar for all cells, but time constants
measured under illumination are significantly shorter for the
cells with higher photocurrent. We have observed similar
behavior in our recent studies of the mixed MA and FA solar
cells,*” which can be explained by faster carrier injection in
better performing cells. This agrees with the findings of time-
resolved emission and transient absorption studies probing
injection at shorter time scales as discussed in the previous
sections.

Bl CONCLUSIONS

One of the most efficient configurations of third-generation
solar cells is the triple-cation perovskite (methylammonium,
formamidinium, and cesium) placed between the mesoporous
titania layer (ETM) and spiro-OMeTAD (HTM). In this work
a detailed investigation of the properties of such perovskites in
contact with both materials is provided, including the studies
of charge transfer dynamics at the interfaces using time-
resolved fluorescence and femtosecond transient absorption
techniques. The results are verified for perovskite solar cells
prepared with standard procedure under water-free drybox
conditions as well as those fabricated under ambient room
humidity. For the samples prepared under ambient room
conditions, the charge population decay is significantly faster at
the ETM side than at the HTM side. For example, emission
half-lifetimes are 1.6 ns at the ETM side vs 2.4 ns at the HTM
side for excitation 400 W at 407 nm, and transient absorption
average decay is 3.5 ns vs 5.5 ns for excitation 10 uJ/ cm? at
505 nm. This indicates asymmetry in the electron and hole
injection dynamics induced by the presence of water and/or a
different distribution of recombination centers close to the two
interfaces. The charge recombination loss observed by
electrochemical impedance spectroscopy is found to be slower
at the interface with ETM than with HTM (times on the order
of milliseconds). For the solar cells prepared under drybox
conditions, the hole injection becomes faster for the solar cells
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with higher photocurrent (with the fastest decay emission half-
lifetime about 1 ns from HTM side). Grazing incident X-ray
diffraction experiments indicate that the content of unreacted
PbI, phase in the perovskite structure is much higher near the
interface with ETM than near the interface with HTM. The
stationary emission spectra and transient bleach peaks of
perovskites show additional long-wavelength features close to
the titania side (e.g., emission maximum shifts from 770 nm at
HTM to 784 nm at ETM side). Finally, the effects of varying
the DMSO content in the precursor solution or perovskite
thickness on the properties of the solar cells prepared under
ambient room conditions are also investigated. The ideality
factor of the cells is found to increase with increasing DMSO
concentration. This can be interpreted as a change of the
recombination mechanism from bulk to surface recombination.
Our findings reveal that the perovskite structure and charge
dynamics are not uniform within the whole perovskite layer,
which has significant implications for understanding the
operation and optimizing the performance of devices based
on this efficient mixed-cation perovskite material.
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Figure S1. Current-voltage curves for the best samples prepared in drybox (black) and ambient air
conditions (red) with listed photovoltaic parameters (A). Absorption spectra of samples from prepared
in drybox (green, blue) and two, with extreme thickness prepared at ambient air conditions (black — the
thickest, red — the thinnest) (B).
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Figure S2. Current-voltage parameters for different water vapor pressure (WVP) during sample
preparation (A), normalized current-voltage parameters for two different DMSO concentrations over
time (B).
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Figure S3. Statistics of the sample thickness (absorbance) for different DMSO:DMF ratios (A). Current
vs. voltage curves for exemplary AC sample collected for reverse and forward scanning directions under
white LED illumination (at the intensity slightly lower than 1Sun) (B). The average hysteresis index

Voc) _ Voc
(defined as Hi= renC5)Tror(5°)
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)is equal to 0.10 * 0.03 for these samples.
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4

Figure S4. TEM-EELS-SAED analysis for the thinner AC sample. Nitrogen K- edge is plotted in green vs
Carbon K-Edge in blue, with homogeneous distribution over the region examined. Diffraction patterns
were collected without substrate zone axis optimization, the DF1 point was tuned to display the higher
intensity spot, while DF2 was collected with the same DF1 conditions.
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Figure S5. TEM-EDX analysis showing the general distribution of different elements within the thinner
AC cell cross section.
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Figure S6. SEM images of one batch of AC samples prepared under WVP= 0.9 kPa with different
DMSO:DMIF ratio. The averaged CV parameters for this batch are also given.
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Figure S7. Estimated X-ray attenuation length for Au and perovskite, used to calibrate depth analysis
in Figure 2 (calculated from [32]).
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Figure S8. X-ray diffraction pattern for prepared cell, for different X-ray penetration depth (A) 12.7 °vs
14.1 °peak ratio as a function of penetration depth of the beam (B).
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Figure S9. Visualization of the significant correlations between solar cell parameters reported in Tables

1 and 2.
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Table S1.

Pearson correlations between the parameters of emission, corrected photocurrent (fotal APCE),
and DMSO content in precursor solution; (*) indicates that the correlation is statistically
significant at the 0.05 level. On the contrary to Table 1, only the samples of similar absorbance

(4 (700 nm)=1.0 +/- 15%) were taken into account.

ETM HTM total APCE | DMSO cont.
half-lifetime half-lifetime
ETM half-lifetime 1 -0.03 0.01 -0.49
HTM half-lifetime -0.03 1 -0.40 -0.29
total APCE 0.01 -0.40 | 0.29
DMSO cont. -0.49 -0.29 0.29 1
Table S2.

Variation of the emission half-lifetimes from HTM side at different probing wavelength for
the selected exemplary AC samples.

Sample Wavelength, nm half-lifetime, ns
1 785 2.0
1 775 2.0
1 765 1.7
2 785 1.1
2 775 1.4
2 765 1.5
) 0.01 ETM side, 10 pJ/cm? ®) 0.01 HTM side, 10 uJ/cm®
0.00 LR o.oom
-0.01
0ot o
3 — 8.gsps $:0029 o5 ps
o) —ioes ]
003{ S0P 004] —o7me
700 750 800 700 750 800

Wavelength (nm)

Wavelength (nm)

Figure S10. Exemplary transient absorption spectra for selected delay times between pump and probe
pulses for AC sample measured from ETM (A) and HTM (B) side.
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Figure S11. Examples of the global analysis of transient absorption data for the same sample using two-
exponential (upper part) and four-exponential (lower part) fit for ETM (left) and HTM (right) side. The
graphs present pre-exponential factor spectra associated to the indicated time constants. The pump
fluence was 30 w/cm?. For simplicity, the spectra of 7; are not shown in (C) and (D) as they are very
similar as in(A) and (B).

Table S3.

Pearson correlations between the parameters of transient absorption, corrected photocurrent
(total APCE), and DMSO content in precursor solution; (*) indicates that the correlation is
statistically significant at the 0.05 level. On the contrary to Table 2, only the samples of similar
absorbance (4 (700 nm)=1.0 +/- 15%) were taken into account.

170

72 (ETM) 7, (HTM) | total APCE | DMSO cont.
7 (ETM) 1 -0.30 -0.98* -0.43
7 (HTM) -0.30 1 0.42 0.40
total APCE -0.98%* 0.42 1 0.29
DMSO cont. -0.43 0.40 0.29 1
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Figure S12. Examples of Bl from transient absoprtion data of AC samples (A). The [ parameter
(compare with Table S4) from stretched exponential function fit to Bl (B).
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Figure S13. Examples of the fits to Bl from transient absoprtion data of AC samples using stretched
exponential function (A) and “stretched” mixed first and second order function (B). See Tables S4 and
S5 for the formulas of the functions.
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Table S4.

Stretched exponential fit to BI of transient absorption for AC samples with absorbance ~1 at
700 nm. The stretched exponential function is defined as

BI(t) = Bye~/ )’ where [ is the stretching parameter and 7 is the lifetime.

Pump pulse intensity Side T, S B
10 w/cm? ETM 3.93+0.63 | 0.40+0.02
HT™M 8.56 £0.41 0.57 £0.02
30 pJ/cm? ETM 0.60 +£0.04 0.36 £ 0.01
HT™M 1.43+0.10 0.42+0.01

(For all measured AC samples: significant Pearson correlations for 10 pJ/cm? are found
between t(ETM) and absorbance at 700nm (0.75) and t(ETM) and total APCE (0.71))

Table S5.
“Stretched” mixed first and second order decay fit to BI of transient absorption for AC samples
with absorbance ~1 at 700 nm. The function is the modification of the function given by eq (4)

.. . nnk 0.3
by raising it to the power of 0.3: BI(t) = B, (k1 exp(klt)+n::k:(exp(k1t)—1))

Pump pulse intensity Side k>, arb. u. ki, ps’!
10 uJ/cm? ETM 7.1+2.1 4.0+1.8 x 1010
HTM 1.5+03 45+2.6x10*
30 pl/cm? ETM 51.1+£3.8 1.1+£1.1x107°
HTM 189+1.3 93+7.5x10°
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Figure S14. The example of electrochemical impedance data: the Bode peaks (A) and the Nyquist arcs
(B). The high frequency region analyzed is indicated. Equivalent circuit is shown in the inset in (A).
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Figure S15. Capacitance (A) and time constant (B) of impedance spectroscopy at high-frequency region
for AC samples prepared with different DMSO:DMF ratio. Capacitance values in (A) are obtained from
1

_ (Rur B)P

Cyr R where Rue — resistance of high frequency region, B, P — frequency-independent

HF

parameters of the constant phase element, P varying from 0 to 1, where 1 correspond to traditional
capacitor. Time constant in (B) are obtained by multiplication of Rur resistance and the capacitance

from (A).
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to the batch with the absorbance of A=0.69 at 700 nm, and part (B) to the cells with A=0.94 at 700
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1. Introduction

Impact of improvements in mesoporous titania
layers on ultrafast electron transfer dynamics
in perovskite and dye-sensitized solar cellst

Katarzyna Pydzinska-Biatek, @ £* Adam Glinka, © #* Viktoriia Drushliak, 2
Grzegorz Nowaczyk, 3 ° Patryk Florczak &° and Marcin Ziotek (& *2

Improvement in the performance of perovskite solar cells (PSC) and dye-sensitized solar cells (DSSC)
upon modifications of mesoporous titania layers has been studied. For PSC with triple cation perovskite
(FAg76 MAp19 Csoos Pb (lpg1 Broig)s) about 40% higher photocurrent (up to ~24 mA cm™2) was
found for more homogenous, made of larger particles (30 nm) and thinner (150-200 nm) titania layer.
For DSSC (both with liquid cobalt-based electrolyte as well as with solid state hole transporter —
spiro-OMeTAD), a greater dye loading, rise in photovoltage, and the enhancement in relative
photocurrent were observed for the cells prepared from the diluted titania paste (2:1 w/w ratio) with
respect to those prepared from undiluted one. The impact of these improvements in titania layers on
charge transfer dynamics in the complete solar cells as well as in pristine TiO, layers was investigated by
femtosecond transient absorption. Shorter photocarriers lifetime in perovskite material observed in
better PSC, indicated that faster electron transfer at the titania interface was responsible for the higher
photocurrent. Moreover, the photoinduced changes close to TiO2 interface were revealed in better PSC,
which may indicate that in the efficient devices halide segregation takes place in perovskite material.
In liquid DSSC, the fast component of unwanted recombination was slower in the samples with the
diluted titania paste than in those made with undiluted ones. In solid state DSSC, hole injection from
MK2 dye to spiro-OMeTAD takes place on the very fast ps time scale (comparable to that of electron
injection) and the evidence of better penetration of spiro-OMeTAD into thinner and more porous titania
layers was provided.

cobalt-based electrolyte,® but this environmentally friendly
technology has been recently re-discovered as the best suited

Perovskite solar cells (PSCs) and dye-sensitized solar cells
(DSSCs) belong to the very promising and potentially cheap
emerging photovoltaic technologies. PSCs have been developed
really rapidly in the latest few years, reaching the highest
sunlight power conversion efficiency of 25%," very close to
the theoretical limit for single bandgap active material. The
best efficiency of DSSC is about 14% achieved when using
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for indoor applications.” It is because the efficiency of DSSC
under low light intensity is greater than any of other common
photovoltaic devices.” Despite a large number of papers
devoted to PSC (> 15000 papers so far) and DSSC (> 24 000
publications up to now), the fundamental studies of charge
transfer processes using time-resolved laser spectroscopies
have been relatively rare, especially for the complete solar cell
as samples.®

A very important element present in the most efficient PSCs
and DSSCs is the mesoporous titania layer that accepts electrons
from active materials and transfers them to the transparent
conductive glass electrode.”® In DSSC, titania nanoparticles form
a layer of a few microns in thickness (typically up to 10 pm).
Sensitizing dyes are attached to such a scaffold and, after photo-
excitation, inject electrons to TiO, conduction band in the very fast
process (typically on fs and ps time scale), which is the primary
charge separation step in DSSC operation. The regeneration of
the dye (transfer of the electron to the oxidized form of the dye

Phys. Chem. Chem. Phys., 2020, 22, 21947-21960 | 21947

177



Published on 25 August 2020. Downloaded by Uniwersytet im Adama Mickiewicza on 12/2/2020 9:05:41 AM.

KPB-6

Paper

obtained after electron injection) in the cells with liquid
electrolyte takes place on the time scale much longer than that
of electron injection, typically from several hundreds of nano-
seconds to single microseconds.*® However, if the electrolyte is
substituted by solid state hole transporting material (e.g. the
most popular spiro-OMeTAD) to enhance the stability of the
cell, then the regeneration can occur much faster, even on
the time scale comparable to that of electron injection (due to
the hole hopping and higher density of charge conductive
centers in the polymeric structure instead of redox pair diffusion
in the electrolyte).”™*" Solid state DSSC still suffers from low
efficiencies with respect to the cell with liquid electrolyte, mainly
due to the problem of sufficient contact between all dyes and
hole transporting materials.>'*"* It should be noted that one
of the most promising recent findings is the solidification of
copper-based electrolytes (instead of the use of spiro-OMeTAD),”
which lead to record efficiency close to 12% for solid state
DssC.'

In PSC, the architecture is more similar to that of thin
film solar cells where the active perovskite materials is placed
between the charge selective layers of electron- and hole-
transporting materials."> However, in the most efficient
devices, the titania mesoporous layer is still present (providing
a base on which the perovskite crystalizes),'® although its
thickness is much smaller (a few hundreds of nm) than that
in DSSC. The optimization of the thickness and porosity of
titania layers in PSC and DSSC is necessary for achieving high
total power conversion efficiency. However, often it is unclear
whether upon such optimization the fastest charge dynamics is
changed and the efficiency of the primary charge separation
step (the electron transfer at the interface between active
material and titania) is improved.

Therefore, in the present work, we have constructed PSC and
DSSC devices using the most efficient compounds and with
different mesoporous titania layers to study the fully operating
solar cell samples using the femtosecond transient absorption
spectroscopy. For PSC, triple cation perovskite (containing
methylammonium, formamidinium and cesium) was the active
material’” and spiro-OMeTAD was the hole transporting layer,
while titania layers of different thickness and porosity were
tested. For DSSC, the efficient commercial carbazole dye MK2'®
and cobalt-based liquid electrolytes'®>" were used to check
the effect of dilution of popular commercial titania paste.
Furthermore, also a solid state DSSC with spiro-OMeTAD and
three types of titania layers were investigated. Our studies were
aimed to establish whether the use of better titania layers
(improving the sunlight conversion efficiency) correlates or
not with the ultrafast dynamics of electrons and holes. Such
information should be important for better understanding and
further optimization of PSC and DSSC.

2. Experimental

Substrates for transparent electrodes for the cells were cut out from
FTO glass sheet (Sigma-Aldrich, 2.2 mm thickness, 13 Q sq ™).

21948 | Phys. Chem. Chem. Phys., 2020, 22, 21947-21960
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At first the glass plates were cleaned by sonication in a solution of
commercially available dishwashing detergent (TRILLUX) mixed
with distilled water, pure distilled water and ethanol, with each
cleaning procedure lasting for 15 min. After drying by air flow,
a UV ozone cleaner was used.

For PSC, spin-coating deposition was used in all steps of
preparation. Electron transporting material (ETM) consisting of
compact and mesoporous TiO, layers was deposited at first.
A solution of titanium isopropoxide and ethanol was prepared
in proportion of 1:9, respectively. Compact layer of TiO, was
obtained by spin coating at 2000 rpm for 1 minute and then
dried at 100 °C on a hot plate for 5 minutes. Next, the samples
were gradually heated in the oven and kept at 450 °C for 30 min
to form a compact TiO, layer. Two different mesoporous
layers were used. The first one was prepared from TiO, paste
for screen-printing of 18-20 nm-sized particle (DN-GPS-18TS,
Dyenamo), dissolved in ethanol at the ratio of 1:6 (w:w). The
second mesoporous layer was prepared from another TiO,
paste of larger average particle size of 30 nm (GreatCell Solar,
30NR-D), similarly dissolved in ethanol at the ratio of 1: 6 (w/w).
The mixtures were preliminarily stirred continuously for 1 day.
Mesoporous layers were spin coated at 2000 rpm for 10 s and
then dried at 120 °C on the hot plate. Again, the substrates with
titania layers were gradually heated in the oven and kept at
450 °C for 30 minutes. The abbreviations of the titania layers
studied in this work refer to the deposition method, particles
size and the possible use of dilution (see Table S1 in the ESI¥).
Thus, the two above paste are abbreviated as SC18dil and
SC3odil.

Then, triple cation perovskite layer (FA,.;6 MAg.19 CSg.05 Pb
(Io.s1 Broaio)s, where MA is methylammonium and FA is
formamidinium) was deposited by spin coating from 1.5 M
precursor solution in DMF:DMSO (4:1 by volume, 10 s,
2000 rpm, then 20 s, 4000 rpm). Chlorobenzene (as anti-solvent)
was applied 10 s before the end of the spinning. Subsequently,
the substrates were annealed at 100 °C for 40 minutes. The hole
transporting material (HTM) layer was obtained by spin-coating
(4000 rpm, 30 s) from a solution consisting of 72.3 mg mL "
2,2",7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluoren (spiro-OMeTAD, Sigma-Aldrich), 28.8 uL mL ™" 4-tert-
butylpyridine (TBP, Aldrich), and 17.5 puL mL™' lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI, 520 mg mL "
in acetonitrile, Sigma-Aldrich), all dissolved in chlorobenzene
(Sigma-Aldrich). The precursor solutions were prepared in
oxygen free glovebox at a humidity RH = 6-7%, while the
deposition of perovskite, annealing and deposition of HTM
took place in another glovebox with oxygen presence at a
humidity RH = 6-7%. Finally, gold electrodes were deposited
on the top of HTM by sputtering technique for 60 s or 120 s,
giving 25-50 or 50-100 nm layer thicknesses, respectively.
The electrode sizes were of 0.05 or 0.20 cm? (0.125 cm” with
the mask).

For DSSC studies, liquid cells (L-DSSC) with cobalt-based
electrolyte and solid-state cells (S-DSSC) were constructed.
At first, the blocking TiO, layer was formed on FTO electrodes
by submerging them in 40 mM aqueous solution of TiCl,

This journal is © the Owner Societies 2020
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for 30 min at 70 °C, followed by rinsing with water, and heating
at 150 °C for 5 min, 300 °C for 5 min, then at 450 °C for 30 min.
At the next step, the two types of mesoporous titania layer were
formed using the screen printing technique and nanoparticle
paste of TiO, (DN-GPS-30TS, Dyenamo with 28-31 nm particles).
The first one was made from the undiluted paste (abbreviated as
SP30), The second, diluted-paste based mesoporous (SP30dil)
layer, was prepared by mixing the above commercial paste with
solution (6 g cellulose, 4 mL ethanol, 15 mL alpha-terpineol) at
the ratio 2: 1. After screen-printing of either diluted or undiluted
pastes, the glass plates with mesoporous titania were gradually
heated at 150 °C for 5 min, 300 °C for 5 min, and 450 °C for
60 min. After that, the glass plates were submerged in 40 mM
aqueous solution of TiCl, (and treated in the same way as the
blocking layer). For photoanode sensitization, the hot plates with
TiO, layers were immersed in MK2 dye solutions in toluene for
about 16 h to enable efficient adsorption of the dye. For MK2
sensitization we used either the solution of 0.2 mM dye and
0.1 mM of chenodeoxycholic acid (CDCA) as co-adsorbent or the
solution of 0.2 mM dye without co-adsorbent.

Counter electrodes for L-DSSC were prepared from the same
FTO glass plates and using the same cleaning procedure as that
of photoanodes. Afterwards, they were dried in air and one layer
of activated platinum (Platisol T, Solaronix) was deposited by
paintbrush. Finally, the plates were heated at 450 °C for 30 min
in order to remove any organic contamination. The photo-
anodes and counter electrode were bonded together by a
polymer seal (25 pum Surlyn, Meltronix, Solaronix SA) with
the conducting surfaces facing inwards. At the next step, the
devices were filled with electrolyte through the 1 mm holes in
the counter electrode and sealed with the cover glass on the top.
We used the cobalt-bipyridine (bpy) or cobalt-phenanthroline
(phen) complexes in acetonitrile solutions as the electrolytes for
L-DSSC. The electrodes with MK2 and CDCA were used with the
electrolyte consisting of 0.25 M [Co(bpy)s](B(CN),),, 0.035 M
[Co(bpy);](B(CN),)3, 0.1 M LiClO, and 0.5 M TBP, and this
configuration is abbreviated as CBpy. The electrodes without
CDCA were used with the electrolyte consisting of 0.13 M
[Co(phen);](TFSI),, 0.035 M [Co(phen);](TFSI)z;, 0.1 M of LiTFSI,
and 0.5 M TBP, and this configuration is abbreviated as Phen.
For S-DSSC, we used MK2 without CDCA for sensitization, and
SC30dil, SP30dil or SP30 titania layers. Spiro-OMeTAD as HTM
and gold electrodes were deposited as described above for PSC.

A UV-VIS-NIR JASCO V-770 spectrophotometer equipped
with a 150 mm integrating sphere (LN-925) was used to
measure the stationary absorption spectra in the UV-VIS range.
The samples were mounted in front of the integrating sphere in
order to detect both transmitted and scattered light. The cross
section images were recorded by Jeol 7001 TTLS field-emission
scanning electron microscope (SEM) working at the accelera-
tion voltage varying from 5 to 15 kV. Current-voltage measure-
ments and IPCE (incident photon to current efficiency) spectra
for the studied solar cells were recorded using a potentiostat
(model M101, Autolab) coupled to a photoelectric spectrometer,
equipped with a solar simulator (Instytut Fotonowy, Poland).
A Xe lamp with AM 1.5G spectral filter and irradiance adjusted
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to 100 mW em ™ using a calibrated cell (15151, ABET) mimicked
the sunlight conditions. The same complete solar cells as those
for current-voltage measurements were used for the transient
absorption studies. Transient absorption system has been
described recently in more details (Helios spectrometer, Ultra-
fast Systems, and Spectra Physics laser system).>* The laser
pulses were set to 310, 355 or 500 nm and the IRF (pump-probe
cross correlation function) duration was from 150 to 300 fs
(FWHM). The transient absorption measurements were ana-
lyzed using the Surface Explorer software (Ultrafast Systems),
including the global analysis. The program allowed fitting a
multi-exponential function (convoluted with IRF) to the kinetic
vectors of a selected number of singular values. Finally, the
characteristic time constants and the wavelength-dependent
amplitudes associated with them were obtained (they are also
called the decay associated spectra or pre-exponential factor
spectra). The fit quality was examined by the comparison of the
multi-exponential fitted functions to the kinetic vectors.

3. Results and discussion
3.1. Morphology and stationary absorption

In order to determine the thickness of individual layers in solar
cells SEM cross section images were carefully analyzed. The
examples are shown in Fig. 1 and Fig. S1 (ESIt). Fig. 1A shows
the cross section of SP30dil titania layer, while that of SP30
layer is presented in Fig. S1A (ESI{). The estimated thickness of
SP30dil layer is 1.3-1.5 pum, while that of SP30 is 2.5-3 um.
Therefore, the use of diluted paste results in about twice
smaller thickness of the mesoporous TiO, film. Moreover, the
SP30dil structure has a higher porosity than that of SP30
one, as indicated by the previous studies with different ethyl
cellulose content in the titania paste.>® The cross section of
PVSK solar cell made with a SC30dil thin titania layer is shown
in Fig. 1B. The total thickness of the cell is about 850 nm, and
the following layers deposited on the FTO glass substrate can be
recognized: 150-200 nm of SC30dil (including very thin compact
TiO, layer which is hard to be distinguished), 450-500 nm of pure
triple cation PVSK, 100-150 nm of spiro-OMeTAD and 50-100 nm
of Au electrode. The average thickness of the solar cells made
with a SC18dil layer is 1000 nm (Fig. S1B, ESI}), which indicates
that the thickness of SC18dil layer is about twice higher than that
of SC30dil one. Moreover, the homogeneity of the SC18dil is also
worse with much higher variance in its thickness at different spots.

P S
spiro-OMeTAD
perqukite =

TiO,

Fig. 1 SEM cross sections of SP30dil titania layer (A) and PSC made using
SC30dil layer (B).
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It also agrees with the eye observation of the electrodes (before
perovskite deposition): those made with SC18dil are much
more opaque, suggesting the presence of more scattering grains
in SC18dil than in SC30dil layer. The differences in the
thicknesses of the studied mesoporous layers are summarized
in Table S1 (ESIY).

The differences in the thickness of SP30dil vs. SP30 and
SC30dil vs. SC18dil layers were also confirmed by stationary
absorption measurements of the electrodes (Fig. S2, ESI{). The
absorbance values below 400 nm (where TiO, absorbs) are
higher for SP30 than SP30dil and higher for SC18dil than
SC30dil. However, the exact thickness ratio of different titania
layers is hard to estimate in this way, because the absorbance is
also affected by the scattering contribution, which results in the
baseline signal increasing for shorter wavelength (and observed
already at wavelength longer than 400 nm). Moreover, the
absorption baseline is also affected by the oscillations appearing
due to the light interference at the layers of sub um sizes™*
present on the electrodes.

The stationary absorption measurements were also used to
determine the absorption spectrum of active layers (dyes or
perovskite) after the subtraction of titania layers contribution.
The examples are shown in Fig. 2. These data are impor-
tant to estimate the numbers of absorbed photons from
1 Sun irradiation (Npp), which are necessary to calculate and
compare the relative photocurrent of different cells (in the
next section).

3.2. Photovoltaic parameters

Table 1 shows the photovoltaic parameters of the best cells
prepared using different titania layers. The absorbance of the
active material at selected wavelength and the number of
absorbed photons (Npy,) from 1 Sun irradiation are given along
with the standard photovoltaic parameters: open circuit voltage
(Voc), short circuit current density (Jsc), fill factor (FF) and
sunlight power conversion efficiency (PCE). Moreover, Table 1
presents also the calculated parameter total APCE (APCE -
absorbed photon to current efficiency), describing the relative

(A)
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0.0
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Wavelength, nm
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photocurrent of the cells per the number of absorbed photons.
It is defined as the total APCE = Jsc/e Ny, where e is elementary
charge. This parameter allows us to compare the efficiency of
charge separation between the cells with different amounts of
adsorbed dyes, as we did in many of our previous studies.>>>*
The average values of the photovoltaic parameters with errors
based on the measurement of several cells of the same type are
collected in Table S2 (ESIt).

At first, the DSSC samples with the liquid electrolyte
(L-DSSC) will be described. The cells sensitized with popular
carbazole dye called MK2 were studied in two configurations:
without co-adsorbent in Co-phenanthroline electrolyte (Phen),
and with CDCA in Co-bipyridine electrolyte (CBpy), using both
SP30dil and SP30 layers (Table 1A). The absorbance of MK2
(and thus the total amount of MK2 dyes on titania layer) is, as
expected, smaller in the samples with the co-adsorption of
CDCA. However, for both the cells with and without CDCA,
the amount of dyes in SP30dil layers is as high as about 75% of
that in the corresponding SP30 layers. Having in mind that the
thickness of SP30 is about twice that of SP30dil, it means that
the dye loading per layer thickness is significantly higher for
the cells prepared with the diluted paste. It can be probably
explained by higher porosity of the SP30dil titania layer.
Furthermore, Table 1A shows that the photocurrent (Jsc) of
the fresh cells is only slightly smaller for SP30dil cells, while
IPCE spectra (Fig. S3, ESIt) indicate that it originates mainly
from higher absorption on the rising, long-wavelength part of
MK2 absorption band. Small difference in Jsc results in the
higher relative photocurrent (total APCE) for SP30dil cells than
SP30 ones. Finally, L-DSSC from diluted titania paste exhibits
higher Vo (by about 0.04 V) indicating slightly smaller recom-
bination losses in SP30dil cells. Our observations of the above
improvements upon dilution of titania paste are consistent
with previous reports.”>*° The layers with higher porosity permit
a more effective transport of large redox shuttles like cobalt
complexes. However, the studies of the impact of titania
modifications on ultrafast charge transfer process, which we
present in the next sections, has not been addressed so far.

®) 4o,
3.5 —— perovskite/SC30dil
’ —— perovskite/SC18dil

3.0

Absorbance
N
o
:

0.0 T T T T T )
500 550 600 650 700 750 800

Wavelength, nm

Fig. 2 Stationary absorption of the SP30, SP30dil and SC30dil electrodes sensitized with MK2 dye (without CDCA) (A) and triple cation perovskite on
SC30dil and SC18dil layers (B). The contribution of titania has been subtracted in both figures. The inset in (A) presents the spectra with enlarged

absorbance scale.
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Table 1 Photovoltaic parameters of the best cells: Voc — open circuit voltage, Jsc — short circuit photocurrent density, FF — fill factor, PCE — power
conversion efficiency, Ng, — number of absorbed photons from 1 Sun, A — absorbance at 500 nm, total APCE - relative photocurrent

Sample Voc [V] Jsc [mA cm™?] FF PCE [%)] Npp[10*° 7' m™?] A (500 nm) Total APCE
(A) fresh L-DSSC:

Phen/SP30 0.84 8.03 0.63 4.30 7.24 1.58 0.69
Phen/SP30dil 0.88 7.44 0.68 4.44 6.60 1.18 0.70
CBpy/SP30 0.79 7.04 0.70 3.93 6.44 1.12 0.68
CBpy/SP30dil 0.83 6.79 0.70 3.98 5.66 0.87 0.75
Sample Voc [V] Jsc [mA cm 2] FF PCE [%)] Npn [10%° s7' m 2] A (500 nm) Total APCE
(B) 20 days old L-DSSC:

Phen/SP30 0.86 6.97 0.71 4.26 7.24 1.58 0.60
Phen/SP30dil 0.86 7.56 0.70 4.53 6.60 1.18 0.71
CBpy/SP30 0.79 7.82 0.70 4.34 6.44 1.12 0.76
CBpy/SP30dil 0.84 7.29 0.73 4.46 5.66 0.87 0.81
Sample Voc [V] Jsc [mA em™?] FF PCE [%] Total APCE
(C) fresh PSC and S-DSSC:

PSC/SC18dil 0.99 17.2 0.62 10.6 0.80
PSC/SC30dil 1.07 24.4 0.68 17.8 1.17
S-DSSC/SC30dil 0.71 0.98 0.57 0.40 0.52
S-DSSC/SP30dil 0.58 3.20 0.42 0.79 0.49
S-DSSC/SP30 0.46 3.74 0.34 0.58 0.38

It should be noted that the same trends in the differences
between SP30dil and SP30 cells (higher Vo and total APCE,
better dye loading) were confirmed in our preliminary studies
of L-DSSC with other dyes (indoline dye D205°**! and the 2:1
mixture of MK2:D205 in Co-phenanthroline electrolyte). After
20 days, the parameters of L-DSSC were quite stable and most
of them even improved, increasing the total efficiency of the cell
(Table 1B). The best efficiency of about 4.5% was reached for
the cells made with diluted paste. It is not very high comparing
this value to that of the best L-DSSC (efficiencies 12-14%);>>
however, it should be noted that our result was achieved on the
very thin (1.3-1.5 pm) and transparent titania layer only.

PSC with triple cation perovskite, spiro-OMeTAD as hole
transporting layer, and SC18dil or SC30dil titania layers as
electron transporting material, were studied. Their photovoltaic
parameters are collected in Table 1C. As can be seen,
all parameters (Voc, Jsc, FF and PCE) are better for the cells
prepared on SC30dil than SC18dil, which confirms that more
the homogenous thinner, and made of larger particles meso-
porous titania layer is advantageous for the performance of this
kind of cells. Better photovoltaic parameters obtained for larger
nanoparticles and thinner TiO, layers are consistent with the
previous reports.” For example, the efficiency of PCS made of
MAPDI; was 14.34% for 400 nm layer thickness of 25 nm
particles, while it improved to 18.72% for 150 nm layer thickness
with 41 nm particles.” The improvement observed for larger
particles was assigned to higher porosity and mean pore diameter
of the resultant layer. However, according to our knowledge, the
charge transfer dynamics (presented in the next sections) has not
been compared so far.

The photovoltage (Voc close to 1.1 V) and photocurrent
(Jsc above 24 mA cm ™ ?) of our best PSC with SC30dil layer
are close to the top efficiencies reported for PSC. The very high
value of the relative photocurrent (close to 100%) indicates

This journal is © the Owner Societies 2020

almost no charge recombination at low voltages. The constructed
perovskite solar cells exhibit relatively small hysteresis with
the hysteresis index of 0.03-0.05 (Fig. S4, ESIf). Our best PSC
efficiency is about 18%, and the parameter which mainly limits
our efficiency and which is significantly lower with respect to the
best PSC devices, is the fill factor. The obtained values of FF
below 0.7 in PSC are probably due to the sputtering method of
gold electrode depositions used for our cells, instead of typically
employed thermal evaporation technique. It is confirmed and
explained in ESIT (Table S3 and the short discussion below, ESIT).
However, it should be emphasized that low FF values of our PSC
(and also our solid state DSSC described below) do not change
the main conclusions following from our studies since we are
mainly focused on the photocurrents and all samples compared
are affected by gold sputtering in the similar way.

The solid state DSSC (S-DSSC) were prepared using SC30dil
(the same as for PSC), SP30dil or SP30 (the same as for L-DSSC)
titania layers sensitized with MK2 dyes (without co-adsorbent).
The electrodes were then covered with spiro-OMeTAD and
gold electrodes. The photovoltaic parameters are collected in
Table 1C. Although Jsc increases for thicker titania layers due to
more adsorbed dyes, the other parameters (Voc, FF and total
APCE) significantly decrease when going from samples with
SC30dil (thickness 150-200 nm) to SP30dil (1.3-1.5 pm) and
further to SP30 (2.5-3 pm). The common problem with S-DSSC
is the penetration of spiro-OMeTAD to deeper titania layers
sensitized with the dye,® which is confirmed in our results. The
best efficiency of about 0.8% is obtained for the cell with
SP30dil layer. Fill factor values improve in both PSC and
S-DSSC samples for more porous and thinner titania layer
due to better pore filling by the precursor solution and spiro-
OMeTAD, respectively.

The composition and deposition method of spiro-OMeTAD
were optimized for PSC and it is probably one of the reasons
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why the parameters and efficiencies of our S-DSSC are rather
poor, comparing to other reports of S-DSSC with MK2 dye
(~3%).>>** Despite preferable match of HOMO levels of the
dye (0.92 eV vs. NHE)** and the HTM (0.75 eV vs. NHE),*® TiO,
layer is not fully covered by the dyes as it is covered by the
perovskite layer in PSC, allowing unwanted direct charge
recombination at HTM/ETM interface. However, the total APCE
values in our S-DSSC (from 0.52 to 0.38, compared to 0.60-0.80
for L-DSSC) indicate that still about half of the photoinduced
charges are successfully separated at low voltages, therefore the
findings from transient absorption studies presented in the
next sections are still informative for the operation of S-DSSC.

3.3. Transient absorption of titania layers

We will begin with presentation of the transient absorption
results obtained for isolated electrodes with titania layers
excited at 310 or 355 nm. Such excitation leads to the direct
absorption of light by TiO, and creation of electron-hole pairs.
Fig. S5 (ESIt) shows the exemplary transient spectra for SC30dil
in UV-VIS and NIR ranges at selected time delays between pump
and probe pulses. The results of global three-exponential analysis
of the same sample are presented in Fig. 3A and B. Initially, the
negative bleach signal in the spectral range of TiO, stationary
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absorption can be observed below 380 nm. At longer wavelength
in the VIS range the positive signal from holes and trapped
electrons can be observed, while the positive signals in NIR range
are dominated by free and shallowly trapped electrons.*® After
1 ns the majority of signals decay due to charge recombination,
but below 400 nm a positive, a long-lasting band appears,
which we assign to the thermal artifact - broadening of the
titania absorption band upon local sample heating. Indeed, our
stationary absorption measurements showed that TiO, electrodes
increase their absorption in the range from 340 to 400 nm
upon heating, with approximately 0.0008 change in absorption
per 1 Celsius degree at 340 nm (Fig. S6, ESIT). This artifact, being
responsible for the existence of transient absorption signal, even
when no excited state population is present, has been reported
recently for some metal oxide semiconductors: BivO,,*” hematite,
LaFeO; or LaMnO;.*® However, according to our knowledge,
this effect has not been reported for TiO, as yet.

The multi-exponential global analysis reveals that the
majority of free electrons decays occur with the time constant
of about 1 ps (amplitudes of 7; component in Fig. 3B, increasing
for longer wavelength in the infrared range)***° and that the
signals of trapped electrons and holes do not decay in the single
exponential way (components 7, and 1, in Fig. 3A). Fig. 3C and D

(B) SC30dil, NIR,
exc. 355 nm, 4 mJ/cm?, IRF=0.2 ps
time constants:

0.006
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Fig. 3 Examples of the global analysis of transient absorption data using a three-exponential function with a constant offset for SC30dil electrode:
in UV-VIS (A) and NIR ranges (B). The normalized kinetics at 600 nm for the indicated samples at fluences from 0.5 to 4 mJ cm™2, together with mixed

first and second order functions fitted (dotted lines) for SC30dil samples (C).

The scaling factors for the initial photoexcited charge concentration (ng) are

also given. The normalized kinetics at 1100 nm for different titania samples measured at the same fluence (D). The amplitudes of SC30dil and SC18dil
were multiplied by 1.85 in (D) to have the same value as those of SP30 and SP30dil samples.
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present the kinetics at 600 nm (dominated by holes) and 1100 nm
(dominated by electrons). As can be seen, the dynamics of hole
decay is similar for SC30dil, SP30dil and SP30 layers (Fig. 3C).
Interestingly, the decay of electrons is significantly slower
for SP30dil and SP30 layers than for SC30dil and SC18dil
ones (Fig. 3D), indicating the difference in the distribution of
trapped states below the titania conduction band. The decay of
holes at 600 nm was analyzed at different excitation fluence
(Fig. 3C). The higher the initial amplitude (and thus the
population of the charges), the faster the decay. It can be
justified by the contribution of second order process (hole-electron
radiative recombination). Indeed, the mixed first and second
order fit (see SI for the function definition) reveals trap-assisted
first order rate constants k; = 1 ns ' and second order rate
constant k, = 3.4 ns~ ' (mAA)"' (absorbance signal is used
instead of charge concentration, because of difficult estimation
of the latter). The fit is not perfect (Fig. 3C), which is probably
due to the effect of the diffusion of charges in the sample of a
certain thickness (therefore, the initial density of charges changes
in time). The contribution of the second order process in the
measured range of excitation fluence at 310 nm (0.5-4 mJ cm™?)
varies from 81% to 98%.

3.4. Transient absorption of L-DSSC

Next, the transient absorption results for solar cell samples with
different titania layers are presented and compared. L-DSSC, PSC
and S-DSSC were excited at 500 nm, at which the light is absorbed
by the active materials (MK2 dye or triple cation perovskite) and
not by TiO,. The measurements for L-DSSC refer to a 20 days old
cell, whose parameters were slightly improved with respect to the
as-obtained one (Table 1B). The pump pulse was directed from
the titania side and excitation fluence for L-DSSC was 100 pJ cm ™ 2.
Fig. S7 (ESIT) shows the exemplary spectra of CBpy/SP30dil sample
at selected time delays between the pump and probe pulses, while
representative pseudo-color 2D spectra of transient absorption
data are presented in Fig. 4A and B.

The transient absorption spectra and their evolution are
analogous to those reported by us earlier for L-DSSC with MK2
dye.?>?%4%41  gimilarly, global analysis assuming a two-
exponential function and constant offset was employed to
extract the characteristic time constants. The representative
results are presented in Fig. 4C-F. The constant offset compo-
nent with a bleach band below 650 nm (corresponding to
stationary absorption of MK2 dye - compare with Fig. 2A) and
a positive band with a maximum at 750 nm is assigned to the
oxidized dye. Thus, its amplitude with respect to the initial one
is proportional to the number of successfully separated charge
carriers. The relative amplitude of the positive band is higher
for the cells with CDCA (CBpy, Fig. 4C and D) than for those
without co-adsorbent (Phen, Fig. 4E and F). It agrees with the
higher total APCE values for the former than for the latter
samples (Table 1B), and is in line with our previous findings.>”

The pre-exponential factor spectra of the second, longer
component (t, in the range from 130 to 180 ps, slightly faster
for Phen than CBpy cells) have the shape similar to that of the
constant offset spectra. Therefore, the second component is
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assigned to the recombination of injected electron from titania
to MK2 dye, decreasing the population of the oxidized dye.
Finally, the fastest extracted component (7, of several ps) is
the only one for which the small but systematic differences
between SP30dil and SP30 samples can be observed. This
component should be ascribed to the fast part of electron
recombination (that occurs over many time scales), but it is
also influenced by the electron injection; therefore, its pre-
exponential factor spectra are different than those of 7, and
constant offset components. In particular, the electron injection
is accompanied with the decay of the S; state of the dye, and
e.g. the indentation in the spectra in 600-750 nm range is due to
the stimulated emission (Fig. 4C-F).>° It is more visible in CBpy
than Phen samples because, as we analyzed in more details
earlier, the electron injection is slower for MK2 with CDCA than
without CDCA.>® Nevertheless, the electron injection times are
below 1 ps in both cases, so the differences in values of 7, are
mainly due to electron recombination. Thus, the fast component
of recombination is slightly slower in the samples with the
diluted titania phase (z; of about 6 ps with respect to 4 ps for
undiluted samples, Fig. 4C-F), which is beneficial for charge
separation. It might be explained by a closer distance between the
dyes on titania nanoparticle surface in SP30 than SP30dil layer,
which enhance fast recombination.”>"" Although dye loading is
higher in SP30dil cells than SP30 ones, it is the loading per the
layer thickness that we consider, and due to higher porosity of
SP30dil than SP30 layer, the average distance between adjacent
dyes might be even larger in SP30dil than SP30. It should be
also noted that the charge transfer processes observed on the
time scales up to few nanoseconds are only related to the
interaction between dye molecules and single TiO, nanoparticle.
Different titania thickness in DSSC samples can affect the
kinetics on much longer time scales (e.g. electron transport
through the titania nanoparticles net or titania-redox couple
recombination).

3.5. Transient absorption of PSC

We will discuss now the transient absorption results obtained
for as-obtained PSC. Fig. S8 (ESIf) presents the exemplary
spectra at different time delays between the pump and probe
pulses while representative pseudo-color 2D spectra of transient
absorption data are shown in Fig. 5A and B. They are similar to
many previous reports on standard MAPbI; perovskites,*™°
including our studies,”®*'> as well as to our recent studies of
the same triple cation perovskite compositions prepared under
drybox or ambient air conditions.”® The initial changes at times
below 1 ps are due to the charge carrier relaxation.*>*>*%>* After
that, the signals are dominated by the strong and sharp negative
bleach close to the absorption edge, appearing due to the band
filling mechanism and being proportional to the population of
the excited carriers.*>*®*” The decay of this signal is due to the
charge recombination, charge diffusion and charge transfer to
contact layers (electron injection into TiO, and hole injection into
Spiro-OMeTAD). #4925

To compare the charge dynamics in PSC with SC30dil and
SC18dil layers, the global multi-exponential analysis was employed,
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Fig. 4 Pseudo-color 2D spectra of original transient absorption data for L-DSSC with SP30dil and SP30 titania layers (A and B). Examples of the global
analysis of transient absorption data using a two-exponential function with a constant offset for L-DSSC samples (C—F). The graphs present
pre-exponential factor spectra associated to the indicated time constants. The pump fluence was 100 uJ cm™2 and IRF was 0.3 ps.

similarly as in our previous studies.”®*”'> As we have discussed,>>

the exponential functions (being the solution of the first order
kinetic equations) do not strictly follow the kinetics of charge
population, which include e.g. second order radiative recombina-
tion and charge diffusion.”***® However, the fitted time constants
of exponential components and the associated pre-exponential
factor spectra can be used to identify the occurring processes and
compare their characteristic, average times. Fig. 5C-F shows the
results of 3-exponential global analysis of the data obtained with
the excitation fluence 30 yJ cm™ 2 from both ETM (TiO,) and HTM
(spiro-OMeTAD) sides.
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Due to the high absorbance of the samples at the excitation
wavelength (A > 3 at 500 nm, see Fig. 2B), the initial excitation of
perovskite is localized close to the contact layers, therefore the
excitations from different sides of PSC probe more selectively the
charge transfer to one, particular layer (ETM or HTM). The first,
sub picosecond component has a shape characteristic of the
band-edge shift, which is due to charge cooling and/or exciton
dissociation.****® Its value of t; = 0.3 ps is the same for the samples
with SC30dil and SC18dil titania layers. In contrast, the next two
time components (having the amplitude spectra dominated by
the bleach signal and showing the charge population decay) are
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Fig. 5 Pseudo-color 2D spectra of original transient absorption data (A and B). Examples of the global analysis of transient absorption data using three-
exponential function for PSC samples. The graphs present pre-exponential factor spectra associated to the indicated time constants. The pump fluence

was 30 pJ cm~2 and IRF was 0.3 ps.

always shorter for SC30dil than SC18dil layers, which indicates
that the electron transfer to titania is faster for SC30dil cells with a
higher photocurrent. The spectrum of the second component
(72, from 100 to 300 ps in Fig. 5C-F) is usually blue-shifted with
respect to that of the third one (t3, in the nanosecond range)
because the charges filling the bands of higher energy depopulate
faster.>” It should be noted that the fitted time constant are only
partly related to the charge injection times, because they are
strongly affected by the second order charge recombination
within the perovskite, as evidenced e.g. by the higher values of
1, and 15 at lower excitation fluence (10 pJ cm ™2, see Fig. S9, ESIT).

To simplify the comparison between SC30dil and SC18dil
layers, we have also performed 2-exponential global analysis,”*

This journal is © the Owner Societies 2020

in which the second component reflects the average charge
population decay (despite poor fit quality, at least for the
excitation fluence 30 pJ cm™?). The obtained mean values are
the following: 15y (SC30dil, ETM side) = 1.9 ns, t4vg (SC30dil,
HTM side) = 2.5 ns, 1ave (SC18dil, ETM side) = 3.3 ns and tayg
(Sc18dil, HTM side) = 3.3 ns, all with the error + 0.1 ns based
on standard deviation from 4-7 measurements.

As can be seen, the charge decay is faster for SC30dil than
SC18dil samples, which is also visualized by the comparison of
kinetics at bleach maximum presented in Fig. 6A or the pseudo-
color 2D spectra in Fig. 5A and B. Moreover, the difference is
higher for the excitation at ETM side where the contribution of
electron injection to titania is higher than that at HTM side.
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Fig. 6 Normalized kinetics for PSC measured from ETM side at the maximum of the bleach signal for SC18dil and SC30dil layers (A). Transient
absorption spectra for PSC with SC30dil layer measured at 100 ps for different consecutive cycles at ETM (B) and HTM (C) sides. The pump fluence was
30 pJ cm™2 in A-C. Normalized kinetics for L-DSSC and $-DSSC measured at 750 nm (D).

Therefore, it confirms that the faster electron injection from
the perovskite to TiO, is responsible for the observed faster
bleach recovery dynamics in the SC30dil samples, because all
other parameters that might influence the population decay
(excitation fluence, perovskite layer thickness, HTM material)
are the same in both samples. However, it should be noted that
the magnitude of lifetime shortening do not directly represent
the values of intrinsic electron injection times, which might be
much shorter than nanoseconds due to the occurrence of
charge diffusion process. For example, it was shown that the
half-decay of the bleach signal of the perovskite layer studied
(of 80 nm in thickness) can decrease from 4 ns to 2 ns when
the intrinsic electron transfer time is shortened from 50 ps to
10 ps.”’

Finally, we would also like to address another important
issue related to the interface between triple-cation perovskite
and the titania layer. In our recent contribution we have
reported the differences in morphology (PbI, content) and
spectra between the perovskite close to ETM and that near HTM
interface.> In particular, the transient bleach band showed
additional red-shifted spectral features of perovskite close to
ETM side. One of the proposed explanations was the ion
segregation leading to different ratios of bromide/iodide close
to the TiO, that could modify the bandgap.®” This effect can be
enhanced by irradiation.”® In the study presented here we
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provide more evidence for this mechanism by comparing the
changes in transient absorption spectra during the following
cycles in the femtosecond experiment (each cycle lasted about
3 minutes). As can be seen in Fig. 6, upon increasing irradiation
time, some clear changes (with isosbestic point) of bleach
spectrum at 100 ps are observed at ETM side (Fig. 6B), while
no such changes are visible at HTM side (Fig. 6C). This result
was obtained for the PSC/SC30dil sample showing high photo-
current. On the contrary, for worse performing PSC/SC18dil cell
the changes on ETM side were much smaller (Fig. S10A, ESIT).
We have also passivated SC30dil layer by sensitization with
MK2 dye (before perovskite deposition). For such test PSC
the photocurrent was very small (total APCE = 0.61) and the
changes on ETM side were also hardly observed (Fig. S10B,
ESIT). Therefore, the photoinduced bleach changes near TiO,
(due to probable ion segregation in mixed halide perovskite)
occur efficiently only for the cells with high photocurrent.
It is consistent with the recent supposition that ion segregation
is enhanced by hole accumulation at the interface where
electrons were efficiently injected.>®

3.6. Transient absorption of S-DSSC

In the last section we will present the transient absorption
data measured for the as-obtained S-DSSC. Similarly as in the
previous sections, the representative spectra at selected time
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delays are shown in ESIf (Fig. S11), while representative
pseudo-color 2D spectra of transient absorption data are shown
in Fig. 7A. Fig. 7B-D presents the results of the global fit using
the same model as for L-DSSC (two-exponential function with
constant offset). The results for solid state cells should be
compared with those of liquid solar cell made with the same
dye (Fig. 4C-F).

The most important differences are the smaller contribution
of the constant offset component and the shorter times 7, and
7, for S-DSSC (Fig. 7B-D) with respect to those of L-DSSC
(Fig. 4C-F). The time constants obtained from the global fit
are about three times shorter for S-DSSC than those for L-DSSC.
The difference can be also clearly visualized by comparing the
kinetics at the maximum of the oxidized dye band (750 nm),
which are presented in Fig. 6D. Therefore, the additional
quenching of the oxidized dye is observed for S-DSSC, which
should be explained by fast regeneration of the dye by spiro-
OMEeTAD. In our systems, such a hole transfer occurs on the
time scale of single and tens of ps. In the cells with liquid
electrolyte the dye regeneration by redox couple (e.g. cobalt
complex or iodide/iodine pair) occurs on the time scale of ps,
but the hole injection from solid HTM can occur much
faster, even competing with electron injection. Such a fast dye
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regeneration has been reported for several systems,® however,
according to our knowledge, we show it for the first time for the
popular carbazole dyes and spiro-OMeTAD.

In principle, the observed quenching of the oxidized MK2
dye in S-DSSC could be also explained by greatly enhanced
electron recombination.*® However, the decrease in the total
APCE of S-DSSC is not more than half with respect to that
of L-DSSC (Table 1), so we could expect not more than twice
decrease in the residual signal in transient absorption.>® The
drop in the residual amplitude for S-DSSC is much larger than
that, therefore, the quenching must be dominated by the fast
hole transfer. Moreover, we can observe a clear correlation of
the relative amplitude of constant offset component and life-
times with the thickness of the mesoporous layer (Fig. 7B-D).
The residual signal is the smallest and the time constants
1, and 1, are the shortest for SC30dil sample (thickness
150-200 nm). For SP30dil sample (1.3-1.5 pm) the values are
intermediate, while for the thickest SP30 layer (2.5-3 pum) the
residual signal is the strongest and the time constants are
the longest. As mentioned before, the problem in S-DSSC is the
penetration of spiro-OMeTAD to deep parts of the mesoporous
layer for the thickness above 1 um. The limited penetration of
HTM into titania can thus explain the trends we observe for
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Fig. 7 Pseudo-color 2D spectra of original transient absorption data for S-DSSC with SP30dil titania layer (A). Examples of the global analysis of transient
absorption data using two-exponential function with constant offset for S-DSSC samples with the indicated titania layers: SC30dil (B), SP30dil (C) and
SP30 (D). The graphs present pre-exponential factor spectra associated to the indicated time constants. The pump fluence was 100 pJ cm ™2, IRF was

0.3 ps and the excitation was from HTM side.

This journal is © the Owner Societies 2020

Phys. Chem. Chem. Phys., 2020, 22, 21947-21960 | 21957

187



Published on 25 August 2020. Downloaded by Uniwersytet im Adama Mickiewicza on 12/2/2020 9:05:41 AM.

KPB-6

Paper

SC30dil, SP30dil and SP30: spiro-OMeTAD is probably not in
contact with all dyes for SP30dil and especially for SP30, so
their regeneration is slowed down. The observed differences in
the quenching yield of oxidized MK2 by HTM correlates with
the relative photocurrent (total APCE) of the cells: the highest
for SC30dil and the lowest for SP30 layers (Table 1C). It is in
agreement with the previous reports about higher photocurrent
in S-DSSC for better spiro-OMeTAD penetration and higher
hole transfer yield.>*

Finally, another confirmation of poor pore filling in SP30
samples comes from the analysis of the decomposition of the
samples during transient absorption measurements (Table S4,
ESIT). When the cell with SP30 layer is excited from ETM side
(which is hard to be reached by spiro-OMeTAD) a significant
decrease (more than 12%) in the transient absorption signal
for the consecutive cycles of the experiment is found. For the
same SP30 sample excited from HTM side, and for SC30dil
and SC30dil samples excited at both sides, the changes in
the signals are much smaller and probably random. The fast
photodegradation under femtosecond pulse excitation occurs
when the dyes are not in contact with regenerating medium
(e.g. in the isolated sensitized electrodes) because the lifetime
of the reactive oxidized state is very long.®

To summarize the transient absorption parts, the results
prove that efficient charge transfer from perovskite to TiO, is
responsible for improved performance in PSCs utilizing larger
particle size. For DSSC utilizing liquid electrolyte a weaker
electron recombination in TiO, films prepared with diluted
TiO, is observed. For solid HTM based DSSC higher regeneration
rates are observed for spin coated TiO, films whereas slower
regeneration rates in screen printed films is found.

4. Conclusions

Improvement in the performance of perovskite solar cells (PSC)
and dye-sensitized solar cells (DSSC) upon modifications of
mesoporous titania layers has been studied. Its impact on the
charge transfer dynamics in the complete solar cells as well as
in pristine TiO, layers have been investigated by femtosecond
transient absorption.

For PSC with triple cation perovskite (FA 76 MAg 19 CSg.05 Pb
(Ip.s1 Bro.io)s) the best efficiency of ~18% and photocurrent
of ~24 mA cm 2 were obtained for homogenous TiO, meso-
porous layer made of 30 nm nanoparticles and with the thickness
150-200 nm. For about twice thicker, less homogenous and made
of smaller particles (diameter 18 nm) titania layer, the best
efficiency of only ~11% and photocurrent of ~17 mA cm™> were
found. Shorter photocarriers lifetime in perovskite material was
observed for the more efficient cells with respect to those with a
worse TiO, layer (e.g. the average lifetime 1.9 ns vs. 3.3 ns when
excited from TiO, side by 30 pJ cm ™2 pulse at 500 nm). It indicates
that faster electron transfer from perovskite to the optimized TiO,
is responsible for the higher photocurrent in these triple-cation
PSC. Moreover, for better TiO, layer the photoinduced changes
(appearance of red-shifted feature) in transient bleach signal were
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revealed, which may indicate the occurrence of halide segregation
in perovskite close to TiO, interface.

For DSSC, the effect of dilution of the commercial titania
paste has been explored for popular MK2 dye and liquid cobalt-
based electrolyte or solid state hole transporter (spiro-OMeTAD).
The rise in the photovoltage (up to ~0.9 V), higher dye loading
per layer thickness and the improvement in relative photocurrent
were observed for the liquid cells prepared from the diluted paste
(2:1 w/w ratio) with respect to those obtained for the cells
prepared from undiluted one. The best efficiency of ~4.5%
was obtained for DSSC having the titania mesoporous layer of
thickness as small as 1.3-1.5 pm and in the absence of scattering
layer. The dynamics of electron injection and recombination was
similar in the cells with both diluted and undiluted titania pastes.
However, the fast component of unwanted recombination was
slightly slower (by about 30%) in the samples with the diluted
titania phase than in those made with undiluted ones.

For solid state DSSC, the use of diluted paste results in
higher voltage and better relative photocurrent, similar to those
of liquid DSSC. The transient absorption studies reveal that the
hole injection from MK2 dye to spiro-OMeTAD takes place on
the very fast ps time scale (comparable to that of electron
injection) and the evidence of the deeper penetration of
spiro-OMeTAD into the mesoporous titania is presented.

Moreover, all titania layers (for PSC and DSSC) have been
also studied separately in other transient absorption experiments
by direct excitation in UV range and observation of electron and
hole dynamics. The transient signals of different species have
been identified in distinct spectral regions and compared between
the samples of different layers: free and trapped electrons from
800 to 1500 nm, trapped holes around 600 nm and thermal
artifacts below 400 nm. The decay of free electrons was observed
to occur mainly with the time constants <1 ps, and the recombi-
nation of holes and electrons took place in the combined first and
second order processes. The decay of trapped electrons was slower
in the thicker titania layers used for DSSC than in the thinner
layers in PSC.
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Figure S1. SEM cross sections of SP30 titania layer (A) and PSC made using SC18dil layer (B).
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Figure S2. Stationary absorption of the electrodes with titania layers: SC30dil and SC18dil (A), SP30dil
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Figure S4. Example of current-voltage curves of PSC made using SC30dil layer measured at forward and
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Figure S5. Transient absorption spectra at selected time delays between pump and probe pulses for
electrode with SC30dil layer: in UV- VIS range excited at 310 nm with 4 mJ/cm? (A) and in NIR range
excited at 355 nm with 4 mJ/cm? (B).
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Mixed first and second order function:

The change of the population of the excited carriers (n) over time (#) in the semiconductor can be

described by:

an
—— =k

dat

n+ k,n®

The first order decay with the rate constant ki is related to the trap-assisted recombination

(Shockley-Read-Hall recombination). The second order process described by the rate constant k>

is due to free carrier recombination (band-to-band radiative recombination). Solution of the above

equation can be given by the following analytical function, which is the mixed first and second

order decay function:

noky

n(t) = kq exp(key t)+noky(exp(kqt)—1)’

where ny is initial number of excited carriers.
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Figure S6. Temperature dependence of the stationary absorption of the electrodes with titania.
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Figure S7. Transient absorption spectra at selected time delays between pump and probe pulses for
CBpy/SP30dil liquid DSSC sample. The excitation wavelength was 500 nm with 100 pJ/cm? fluence.
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Figure S8. Transient absorption spectra at selected time delays between pump and probe pulses for
PSC/SC30dil sample pumped from ETM side. The excitation wavelength was 500 nm with 30 pJ/cm?
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Figure S9. The results of global analysis
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of transient absorption data using three-exponential function for

PSC samples. The graphs present pre-exponential factor spectra associated to the indicated time
constants. The pump fluence was 10 pJ/cm? and IRF was 0.3 ps.
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Figure S10. Transient absorption spectra for PSC with SC18dil layer (A) and with SC30dil layer
passivated with MK2 dyes (B), both measured at 100 ps for different consecutive cycles at ETM
side. The pump fluence was 30 p/cm?.
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Figure S11. Transient absorption spectra at selected time delays between pump and probe pulses for
S- DSSC cell with SP30dil layer pumped from HTM side.
The excitation wavelength was 500 nm at 100 wJ/cm? fluence.
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Table S1. Parameters of the different mesoporous titania layers:

KPB-6

Abbre- Deposition Particle Preparation Resulted layer
viation method size thickness [nm]
[nm]
scisdil Spin-Coating 18 Dyenamo DN-GPS-18TS paste diluted 1:6 in ethanol 300-350
Sc3odil Spin-Coating 30 GreatCell Solar 30NR-D paste diluted 1:6 in ethanol 150-200
SP30 Screen-Printing 30 Dyenamo DN-GPS-30TS paste without any dilution 2500-3000
SP30dil Screen-Printing 30 Dyenamo DN-GPS-30TS paste diluted 2:1 in 1300-1500
(cellulose + ethanol + alpha-terpineol)

Table S2. Averaged photovoltaic parameters and their errors (standard deviation) of the different

cells:

Sample Voc [V] Jsc[mA/em?] | FF PCE [%]

L-DSSC/Phen/SP30 0.85+0.01 7.79 £0.25 0.66 £ 0.03 4.32 +£0.02
L-DSSC/Phen/SP30dil | 0.88 +0.01 7.43+£0.10 0.69+0.01 4.43 +£0.02
PSC/sc3odil 1.08 +0.01 225+2.1 0.63 £0.04 15.2+2.3
S-DSSC/SC30dil 0.72+£0.01 0.95+0.04 0.57+£0.01 0.39£0.02
S-DSSC/SP30dil 0.45+0.13 3.52+£0.32 0.35+0.07 0.57+0.23
S-DSSC/SP30 0.44 +£0.03 2.67+£0.88 0.35+0.03 0.41+0.12
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Table S3. Effects of spattered gold thickness and smaller or bigger active surface on the
photovoltaic parameters of the cells:

Thickness
Sample [nm] Surface [cm?] | Voc[V] | Jsc[mA/cm?] | FF PCE [%] | Total APCE
PSC/sc3odil 50-100 0.05 1.09 24.5 0.64 17.1 1.17
PSC/sc30dil 25-50 0.05 1.07 24.4 0.68 17.8 1.17
PSC/sc3odil 50-100 0.125 0.98 15.5 0.56 8.5 0.74
PSC/sc3odil 25-50 0.125 1.02 16.8 0.66 11.3 0.81
S-DSSC/SP30dil | 50-100 0.05 0.32 3.83 0.28 0.34 0.59
S-DSSC/SP30dil 25-50 0.05 0.58 3.20 0.42 0.79 0.49

Effect of gold sputtering method

As reported, sputtering method may introduce additional series resistance between spiro-OMeTAD
and Au or cause partial damage to the organic HTM, which results in lowering FF and, for very
high resistance, even the photocurrent. To confirm this possibility we prepared the test PSCs with
gold electrodes of larger surface (resulting in the active surface increase from 0.05 cm? to 0.125
cm?) and also we checked the effect of thinner gold layer (25-50 nm instead of 50-100 nm). As can
be seen in Table S2, indeed the larger active surface decreases FF, while the shorter deposition
increases FF.

Table S4. Average decrease of the amplitude for consecutive scans during transient absorption
measurements of S-DSSC:

Sample and excitation side | Difference in the amplitude
sc30dil HTM side -1%

SP30dil ETM side +1.5%

SP30dil HTM side -5%

SP30 ETM side -12.5%

SP30 HTM side -2.5%

S-8

198



KPB-7

Complete perovskite solar cells with gold electrodes studied in the visible

and near-infrared range
K.Pydzinska-Biatek, G.Nowaczyk, M.Zibtek

ACS Chemistry of Materials, DOI: 10.1021/acs.chemmater.2c00845

199



200



KPB-7

Complete Perovskite Solar Cells

with Gold Electrodes

Studied in the Visible and Near-infrared Range

Katarzyna Pydziniska-Bialek® ", Grzegorz Nowaczyk b and Marcin Zidtek **

¢ Faculty of Physics, Adam Mickiewicz University Poznan,

Uniwersytetu Poznanskiego 2, 61-614 Poznan, Poland

b NanoBioMedical Centre, Adam Mickiewicz University Poznan,

Wszechnicy Piastowskiej 3, 61-614 Poznan, Poland

* corresponding authors: katarzyna.pydzinska@amu.edu.pl (KP), marziol@amu.edy.pl (MZ)

201


mailto:katarzyna.pydzinska@amu.edu.pl
mailto:marziol@amu.edy.pl

KPB-7

202

Abstract

The complete solar cells with the triple cation perovskite (FAg.76MAo.19Cs0.0sPb(Io.s1Br0.19)3) sandwiched
between spiro-OMeTAD (2,2°,7,7’-tetrakis-(N,N-di-4methoxyphenylamino)-9,9’-spirobifluorene) and
mesoporous titania layers were examined using femtosecond transient absorption (TA) and steady-state
absorption in the visible (VIS) and near-infrared (NIR) regions. We demonstrate in this paper that the
transmission spectroscopic measurements through a gold layer are possible and open the way to
investigate the solar cells in working conditions (with applied voltage and/or additional illumination).
We show that a gold electrode does not exhibit a significant TA signal itself but causes a difference in
the perovskite response at around 800 nm and in the NIR range. The irradiation with a femtosecond
laser, 1Sun stationary illumination or applied voltage, cause significant changes in the TA spectra and
kinetics at the TiO, interface, most probably due to ion segregation or ion rearrangement process.
Transmission signal in NIR is shown to be dominated by spectral modulation due to light interference,
however, the process of hole injection at spiro-OMeTAD interfaces can be extracted. Finally, application
of a proper forward bias enables the suppression of electron and hole injection to contact materials and

results in increased lifetime of charge population in the perovskite.



KPB-7

Introduction

Understanding and further improvement of perovskite solar cells (PSC) operation have brought
about the outstanding 25.5% efficiency record in 2021.! Triple cation perovskite
(FA0.76MA0.19Cs0.0sPb(Io.81Br0.19)3) is one of the most promising perovskite formulas showing
better water resistance and less susceptibility to structural impurities than the originally used
MAPbI;.2 One of the most important aspects in PSC development is optimization of charge
transport within a cell. Several time-domain techniques are used to characterize charge carrier
behavior, such as impedance spectroscopy,’ terahertz spectroscopy,®™ time-resolved emission

6,10,11

spectroscopy 6.8,12-16

17,18

as well as transient absorption and reflectance.

However, examination of a complete (with electron and hole transporting material) solar cell
has been a subject of not many reports, excluding those concerning impedance spectroscopy,
in which measurements for a complete cell are essential. Moreover, we cannot rely only on
impedance spectroscopy in that matter because it describes processes taking place on the time
scale from millisecond to a second, i.e. back charge transport from electron or hole transporting
material.®> To cover a shorter time scale, the employment of ultrafast and fast laser techniques
is crucial. Popular examination of an incomplete solar cell gives some information about charge
transport in a cell but it is still unclear how to correlate it with the operating conditions of the
device. Without doubt, the time-resolved laser spectroscopy studies of a complete solar cell
with gold electrodes are highly important, but experiments of this type have not been reported

yet.

Transient absorption spectroscopy of PSCs is usually focused on the VIS region in which the
main perovskite material signal appears. However, the near infrared range can deliver useful
information about the cell operation due to the presence of the oxidized forms of the hole

) 19-22

transporting material molecules (e.g. spiro-OMeTAD and charge carrier interband

transitions.”> Unfortunately, it has been also reported that the NIR spectra suffer from
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interference signal caused by photo-induced refractive index changes in a perovskite

material,>**> which can make it extremely hard to untangle the information required.

It 1s also important to keep in mind that the use of laser pulses in time resolved techniques
implies a few problems with proper interpretation of their results. One of them is the fact that a
laser pulse perturbation creates photoexcited charge distribution different from that in the
operating solar cell conditions (under continuous 1Sun illumination and applied voltage). It is
also hard to simply correlate the conditions of monochromatic, pulse laser illumination with a
constant 1Sun bias. Another problem is ion segregation in the perovskite structure caused by
laser illumination.?® Fortunately, the investigated FAo76MA0.19Cs0.05Pb(lo.s1Bro.19)s triple cation

perovskite is known as one of the compositions most resistant to ion segregation.?’

In this study, we focused on the investigation of the complete cells covered with gold electrodes
in order to describe charge transport in their working conditions, using the method of
transmission spectroscopy. The idea of our study is presented in Scheme S1 (in the supporting
information). This opens a possibility to design more advanced experiments providing new
information on the PCS operation which would allow deeper understanding and further
development of photovoltaic devices of this type. To the best of our knowledge, spectroscopic
findings obtained from measurements through different thickness gold electrodes in the full
PSC, especially using femtosecond transient absorption, are shown for the first time in this
work. We compare the results obtained in the conditions when only femtosecond laser
illumination is present to those collected with additional applied potential and 1Sun illumination
during experiments. Among others, the experiments through gold electrodes allow the creation
of conditions in which no charges are transported to the electrodes during the experiment thanks
to the applied additional potential close to Vo.. We also made an attempt at untangling the
information on the dynamics of oxidized spiro-OMeTAD from the signal recorded in the near

IR region contaminated by interference pattern.
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Materials & Methods

Perovskite solar cells preparation

Our target sample was a complete triple cation perovskite cell of the structure:
FTO glass/compact TiO2/mesoporous TiO»/Perovskite/Spiro-OMeTAD/Gold. Different
control samples were also made by exclusion of a particular layer or layers. Preparation protocol
followed that published by Saliba et al..?8 Plates of the size 2.4 x 2.4 cm of FTO substrates (FTO
glass, =13 Q/sq, Sigma-Aldrich) were cut and a part of the FTO conductive layer was etched
by Zn powder and HCI to prevent charge recombination between gold electrodes and FTO. The
etched substrates were brushed with detergent (Hellmanex) and then bathed in detergent,
distilled water and isopropanol in ultrasounds, each step lasting for 15 min. Finally, an UV
ozone cleaner was used for 15 min. A compact TiO> layer was deposited by spray pyrolysis at
450 °C using titanium diisopropoxide in ethanol (1 mL + 14 mL EtOH) as a precursor solution.
Mesoporous titania layer was obtained by deposition of titania paste (30NR-D, GreatCell Solar,
diluted 1:6 w/w in EtOH) by spin coating (10 s, 2000 rpm) and annealing the substrate at 500 °C
for 30 min. FA.76MA0.19Cs0.05Pb(l0.81B10.19)3 precursor solutions were prepared in a glovebox
conditions (in nitrogen flux) as described before.?® 1.5 M precursor solution was spin-coated on
a mesoporous layer in a drybox with additional argon flow for 10 s at 2000 rpm and then for
20 s at 4000 rpm; 10 s before the end of this process chlorobenzene as antisolvent was used. A
solution of 2,2°,7,7’-tetrakis-(N,N-di-4methoxyphenylamino)-9,9’-spirobifluorene (Spiro-
OMeTAD, Sigma-Aldrich) (72.3 mg/mL in ChB) with additives (17.5 uL/mL of 520 mg/mL
LiTFSI solution in acetonitrile and 28.8 pL/mL 4-tert-buthylpyridine) was also spin coated
(4000 rpm, 30 s). Gold electrodes were sputtered on the spiro-OMeTAD layer for 60 or 120 s,

depending on the desired thickness.
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Solar cells characterization

Steady-state absorption experiments were performed with an UV-VIS-NIR JASCO V-770
spectrophotometer. The UV-VIS region was investigated using an additional 150 mm
integrating sphere (ILN-925). Transmission mode without the integrating sphere was used in
the NIR region to obtain better noise-to-signal ratio (spectra presented in Figure 1A, S2).
Current-Voltage characteristics were recorded by a potentiostat (model M101, Autolab)
coupled to a photoelectric spectrometer, equipped with a solar simulator (Instytut Fotonowy,
Poland). The simulator provides standard 1Sun illumination conditions using a Xe lamp and
AM1.5G filter (calibrated by silicon solar cell 15151, ABET). Scanning electron microscopy
(SEM) images were provided by Jeol 7001 TTLS field-emission scanning electron microscope
with acceleration voltage varying from 5 to 15kV. Femtosecond transient absorption
spectroscopy studies were performed using 1 kHz repetition rate and 0.4 ps response function
setup delivered by Ultrafast Systems (Spectra-Physics laser system and Helios spectrometer).
Measurements were carried out in the UV-VIS (500-850 nm) or NIR (800-1600 nm) regions,
with 475 nm or 495 nm excitation wavelengths chosen. Transient absorption data were
analyzed by Surface Explorer (Ultrafast Systems) software. Additional bias during transient
absorption measurement was applied to the electrodes by a compact potentiostat (model
PGSTAT204, Autolab). 1Sun illumination was simulated by white LED by adjusting the short

circuit current (Jsc) of the cell to a value similar to that measured using the solar simulator.
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Results & Discussion

Basic characterization

As described in the experimental section, a complete solar cell consists of a compact TiO:
(cTiOy) layer deposited on the FTO glass, mesoporous TiO; (mTiOy), triple cation perovskite
(PVSK), spiro-OMeTAD and gold electrodes. Therefore, the complete cell is abbreviated as:
FTO/cTiO2/mTiO2/PVSK/spiro/Au. Different reference samples were also prepared by
exclusion of a particular layer or layers from the PCS structure during the fabrication process.
We fabricated cells with three thicknesses of the gold electrode, varied from 30 to 100 nm, to
obtain different semitransparent electrode layers. In transient absorption measurements, the
complete cell samples called “without” gold were actually the samples with deposited gold

electrodes but for which measurements were made at a site between the electrodes.

The open circuit voltage (Voc) of our cells was 970 = 20 mV and the short-circuit current
density (Jsc) was 20 + 3 mA/cm?. The efficiency of complete solar cells reached 11 — 14 %,
limited mainly by poor fill factor (FF) caused by high resistance of the sputtered gold and a
thinner than usual perovskite layer. The photovoltaic parameters of the best cell (PCE = 14 %)
were Voc=990 mV, Jsc=23 mA/cm? and FF = 0.61. For the cells prepared recently in our
group in an analogous way but with a smaller area of sputtered gold electrodes and a slightly
thicker perovskite layer, the best efficiencies reached 18 %.%° What is important, the total
absorbed photon to current efficiency (Total APCE= Jsc /e*Nph, where Npn is the number of
absorbed photons calculated from the absorption spectra) for the cells is close to 100 % and the
cells show relatively low hysteresis index equal to 0.024 + 0.007 (averaged from 4 samples, see
an exemplary curve in Figure S1). Therefore, the results obtained for them should be
representative for a large class of triple cation perovskite solar cells with titania as the electron

transporting layer.
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Steady-state absorption spectra in the VIS and NIR ranges of selected cells and reference
samples are shown in Figure 1A. ETM stands for the electron transporting material (TiOz),
while HTM — for the hole transporting material (spiro-OMeTAD). In the VIS range the quick
rise in the triple cation perovskite absorption occurs in the range from 780 to 730 nm,
corresponding to the direct bandgap in this material. In the NIR region the apparent spectral
oscillations in the absorption signal occur due to the interference of light partially reflected from
different layers of the samples.>*? Perovskite layer is clearly involved in the formation of these
oscillations in the NIR range since they are absent in the reference samples with only FTO and

titania layers (Fig. S2A). We will analyze them in more detail in the next section.

Perovskite film thickness can be estimated from the absorbance value at 700 nm as

previously,>%3!

whose value was 0.62 =0.07 (the error is standard mean deviation from 13
samples). Cross-section images were taken by scanning electron microscopy (SEM), showing
340 + 30 nm of the active layer thickness. So, both absorption and SEM data show that our cells
exhibit around 10 % variation in thickness (from sample to sample). Figure 1B shows an
exemplary SEM cross-section image. The thicknesses of all layers of the cell could be clearly
distinguished and measured to be ~350 nm for FTO, ~60 nm for compact TiO2, ~230 nm for

mesoporous TiO2, ~340 nm for pure triple cation perovskite, and ~170 nm for spiro-OMeTAD.

Gold thickness depends on the sputtering parameters and was estimated as 30, 50 or 100 nm.

Most of the transient absorption experiments were conducted upon excitation at 475 or 495 nm
with the energy density of 30 pJ/cm?. At such a density, the decay of excited carriers population
depends on the excitation fluence because, apart from the first order recombination (due to trap
states), at least the second order recombination (due to band-to-band recombination) plays an
important role.>? Therefore, it is important to compare the dynamics measured for the samples
having similar signal amplitude after excitation, thus characterized by similar contributions of

higher order recombination processes.
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(A) 5.
] —— FTO/cTiO,/mTiO,/PVSK/spiro/Au, HTM side
2,5+ —— FTO/cTiO,/mTiO,/PVSK/spiro/Au, ETM side
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Figure 1 A — Steady-state absorption spectra of a complete solar cell, with and without gold, measured from the ETM or the

HTM side. B— SEM cross-section image of an exemplary cell with-+00-nm-gotddayer with averaged layer thickness labels. C

— Transient absorption spectra at 1 ps pump-probe delay for different excitation sides (ETM or HTM), with and without gold,

and for 50 nm gold layer deposited on FTO glass. Excitation wavelength was equal to 495 nm, energy density: 30 uJ/cm? for
the ETM side and the HTM no gold, 60 uJ/cm? for HTM with gold.

The evolution of transient absorption spectra of the perovskite material from femtoseconds to
nanoseconds exhibits two distinct stages (Figure S3). First, immediately after absorption, the
cooling process dominates, when electrons and holes minimize their energy in the conduction
and valence bands down to their edges, respectively. This process is characterized by a band-
edge shift due to the charge screening or band-gap renormalization effect and is finished after
single picoseconds.**** When electrons and holes thermalize, a strong bleach signal at the edge
of absorption spectrum appears due to the band filling mechanism. At that point, the second

stage becomes dominant, because of the repopulation of the valence band due to the
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recombination processes, as well as the injections of electrons or holes to the selective
transporting materials (ETM or HTM), if present.® Both of them contribute to the signal

vanishing in up to several nanoseconds.

Transient absorption signal in the NIR range is dominated by the interference pattern, similarly
as in the steady-state absorption. The spectral oscillations decay on a time scale similar to that
of the bleach in the visible range. The differences in NIR transient response after 1 ps pump-
probe delay for complete solar cells are shown in Figure 1C. Spectral oscillations of the
perovskite on a glass substrate observed in the TA experiment in the NIR region have been
described by Pasanen et al.,?* indicating the refractive index changes due to photogenerated free
carriers as a source of the optoelectric change in the system causing the interference. The exact
simulation of the effect is quite complex, however, in the SI we show a simplified
approximation based on the interference of light reflected from two main interfaces (Figure S4
and accompanying text). Under such approximation, the qualitative agreement of the
experiment finding with the calculated signal amplitude and spectral oscillation periods is
maintained. The apparent layer thickness at different configurations, extracted from the

oscillation periods, will be discussed in more details in the next sections.

Finally, it should be noted that due to a high absorption of the perovskite material at the pump
excitation wavelength (475 or 495 nm), the pump pulse is absorbed close to the titania layer
when illuminated from the ETM side and nearby the spiro-OMeTAD/perovskite interface when
excited from the HTM side. This allows almost exclusive investigation of the excited carriers
behavior (e.g. injection and recombination) at both perovskite interfaces in the cell (unless the
photoexcited charges diffuse deeper inside the bulk perovskite on hundreds of ps time scale),
as we have noted previously.’® We will take advantage of this property in the next sections
when studying the spectroscopic effect of gold electrode presence, irradiation and electric bias.

In view of the above, some differences in transient absorption recorded from the ETM and HTM



KPB-7

sides can be expected. For example, the higher transient absorption from the ETM side than
from the HTM side at early times (1 ps) in the NIR range, shown in Figure 1C, is probably due
to a higher contribution of absorption of electrons in TiO; than that of oxidized spiro-OMeTAD
(especially in the range below 1300 nm). It should be also mentioned that we observed some
differences in the charge cooling process at the ETM and HTM sides, but their deeper analysis

is beyond the scope of this work.

Effect of gold electrodes in spectroscopic studies

In spectroscopic studies when using transmitted light it is crucial to provide high enough
intensity of the probing light signal passing through the cell to analyze the signal changes with
a sufficient signal to noise ratio. Gold electrodes highly reduce the light intensity and probably
that is why no time-resolved absorption experiments have been reported as yet for complete
cells with gold electrodes. Before conducting the transient absorption experiment, we tested
how much of wisible light passes through gold electrodes of a certain thickness. We measured
the steady-state absorption spectra of gold electrodes on the FTO glass as shown in Figure 2A-
B. At 750 nm, at which the main transient absorption feature (bleach) appears, light intensity is
in 43 % suppressed by a 30 nm gold layer. The gold layers of the thicknesses 50 and 100 nm
block 55 % and 67 % of the light intensity, respectively. At the excitation wavelength of 475 nm
the suppression is equal to 49, 58 and 76 % for gold layers of 30, 50 and 100 nm in thickness,
respectively. The white light continuum (probe in femtosecond transient absorption) suffers
from similar changes (shown in Figure S5). Figure 2B shows the light suppression by gold
electrodes for two different light sources (continuous light in a steady-state spectrophotometer
and the pulsed light in femtosecond transient absorption spectrometer) as well as two different
substrate materials, as a function of gold thickness. Independently from light source and

substrate material, similar light intensity suppression was observed. Therefore, the decrease in
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the light intensity is significant (up to 80 %), but it still enables performing transient absorption
experiments, at least near the bleach region with a strong signal which gives the most important
information on the charge transfer dynamics. We also noticed that the gold layer structure
changes from that of a smooth layer after deposition to that of separated gold islands over time.
Table S1 shows the SEM images of fresh gold layers with different thickness (50 and 100 nm)
deposited on the FTO glass substrate only and on a cell with spiro-OMeTAD as well as the
images of the same samples after 80 days. The aggregation has been observed regardless of the
presence or absence of spiro-OMeTAD. Separation distance of the gold islands after such time
is about 100-140 nm, and the gold filling of the surface is less than 50%, so the conductivity of
the layer is highly reduced and can be one of the factors reducing perovskite solar cells

efficiency over time.

Gold layers exhibit non-zero steady-state absorption, almost constant and structureless from
750 to 900 nm (Figure 2A) that extends further into NIR. That’s why the spectra of the samples
with gold in Figures 1A and S2B are vertically shifted towards higher absorbance. We have not
observed any effect of different gold layer thickness on the photovoltaic parameters of the cells.
The differences in PCE between the samples of 30, 50 and 100 nm of gold layer are smaller
than its relative error equal to 3-5 % (statistics based on almost 60 samples in total). The only
effect on the performance of the device with a thinner gold layer is that it may be scratched
more easily during the photovoltaic measurements and more separate islands are formed in the

gold layer upon aging (Table S1), therefore, it is less durable.
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Figure 2 A — Steady-state absorbance (solid lines) and transmittance (dashed lines) spectra of 30, 50 and 100 nm gold layer
on FTO glass with FTO glass as baseline. B — The light suppression at 750 nm by gold electrodes of different thicknesses
depending on the used techniques and substrate materials. C,D — Transient absorption spectra after 3 ps pump-probe delay
of 30 nm gold layer deposited on FTO glass, pump energy density: 30 uJ/cm?, Jexe. =475 nm (C) and full cell excited from
HTM side with 30 nm (orange) and without (blue) gold layer for energy densities equal to 55 and 30 uJ/cm? respectively,
Aexe. =475 nm (D).

As for the excitation pulse (pump), its fluence has to be of course increased when the sample is
examined from the HTM side through the gold, to obtain the same charge recombination
dynamics as without gold. In our experiments, for the excitation wavelength of 475 nm, we had
to apply about twice higher pump pulse energy density (30 vs 60 pJ/cm?) for the samples with
50 nm gold layer to obtain the same initial transient absorption signal as when the gold is absent.
There is no need to increase the pump energy for the samples excited from the ETM side
because the excitation pulse reaches the absorbing material (PVSK) without going through the

gold (passing only FTO glass and TiO;). We did not observe a significant transient absorption
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signal from gold layer itself (i.e. for the reference samples FTO/Au and FTO/spiro/Au) in the
spectral window in which the main perovskite features appear (600-810 nm, Figure 2C). Only
a small positive signal (50 times smaller than the perovskite bleach amplitude) around 500 nm
appeared and disappeared within several picoseconds. Its presence is due to an increase in the
optical reflection near the threshold of the interband transition of gold, which corresponds to
the minimum in its steady-state absorption (Figure 2A). Under a strong pump pulse this

minimum is “bleached” and the optical reflection increases.>®’

Interestingly, although a gold film itself does not show significant transient absorption features,
when deposited, it causes some differences in the perovskite sample signal. An additional
positive absorption signal appeared around 770-840 nm only when the HTM side was excited.
Figure 2D presents the bleach signal around 740 nm after 3 ps pump-probe delay for the sample
examined through a gold film or without it. Differences in the transient absorption signal
measured for these two systems are distinctive. Figure 3A-B presents the time evolution of the
signal of complete PCSs in the presence (red) and absence (blue) of gold as well as only for
gold on the FTO glass as a control measurement (green) at the minimum bleach (740 nm, Figure
3A) and at 810 nm (Figure 3B). The gold layer gives an insignificant absorption signal (500
times smaller at 740 nm and 30 times smaller at 810 nm than a complete cell) in both
investigated regions. The kinetics of full PCS at the minimum bleach with and without gold do
not exhibit significant differences. The small difference in the amplitude (Figures 2D and 3B)
is due to not exactly accurate match of the pump pulse fluence with and without gold. In contrast
to this kinetics, the absorption signal dynamics at 810 nm shows different characters. The cell
without gold reveals firstly a positive absorption which drops within 1.5 ps (charge cooling
process) to negative values (due to stimulated emission of perovskite), and then it decays on
the time scale of tens and hundreds of picoseconds up to several nanoseconds. In contrast, the

kinetics of the complete cell with gold exhibits a positive signal in the whole time range. The
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fundamental differences in the range 770-840 nm (Figures 2D and 3B) can be due to a decreased
contribution of negative stimulated emission signal when gold is present. A possible
explanation is that the presence of gold suppress the stimulated emission from the perovskite
due to the plasmonic effects or the gold layer may enhance the absorption coefficient of spiro-
OMeTAD?* or spiro-OMeTAD bound to additives (TFSI),*°. However, a direct mechanism is

not clear for us yet.

(A) HTM side, @740nm, %, =475nm (B) PSC with gold (55 pJ/cm?)
0.00 b —— PSC no gold (30 pJ/cm?)
Rl i 0.008
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-0.024 —— PCS with no gold ( 30 pJ/cm?) 0.006 +
) 2
only gold ( 30 pJ/cm?) 0,004
-0.04
< 0.002
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-0.06 1 0.000 st e
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-0.101 e -0.006 Lexe =475NM
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Figure 3 A,B — Transient absorption kinetics at 740 nm (A) and 810 nm (B) of a complete PSC examined through (red) and

without (blue) 30 nm gold electrodes, excited from the HTM side as well as through a gold layer on the FTO glass (green).
Excitation wavelength was chosen as 475 nm, energy density was equal to 30 for the PSC without electrode and the gold on
FTO substrate and 55 uJ/cm? for the sample with gold. Time zero was shifted I ps to better show the kinetics in logarithmic
scale. C,D — Kinetics at different wavelengths in NIR region of a full cell without gold, excited from the ETM (C) or the HTM
(D) side. Excitation wavelength: 495 nm, energy density: 30 uJ/cm?’. Black dotted lines in all figures shows multi-exponential

fit with the parameters given at the end of the supporting information.
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The spectra in the NIR range are dominated by the light interference both in steady-state and in
transient absorption experiments (as mentioned in the previous section, Figure 1A,C and S2).
Under the approximation of a single “resonator”, the following simple formula can be used to

deduce the apparent thickness of such a resonator partially reflecting light at both ends:*°

D _ /11/12

S L eq. (1
4(An1—A3ny) a- (1)

Where A1 and A, are wavelengths at the subsequent signal minimum and maximum, while 7;

and n; are refractive indexes of the resonator material corresponding to A; and A».

Table 1 Apparent thickness (D) of a resonating layer from the steady-state and the transient absorption spectra in the NIR
region of different sample compositions. Apparent D was computed from eq (1) when ;1 lie in 950-1100 nm range. Refractive

index values were taken from Raoult et al. and extrapolated for whole analyzed range if needed.*!

Error of D
Technique Sample composition Apparent D [nm]
(mean std dev) [nm]
FTO/cTiO2/mTiO,/PVSK 760 10
Steady-state FTO/cTiO/mTiO2/PVSK/Au 910 20
FTO/cTiO2/mTiO»/PVSK/spiro/Au 1040 20
FTO/PVSK 500 70
_ FTO/ cTiO2/mTi0,/PVSK 770 20
Transient
FTO/ c¢TiO2/mTi0,/PVSK/spiro 960 60
FTO/ cTi02/mTiO2/PVSK/spiro/Au 1090 70
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The calculated apparent thicknesses of different samples are collected in Table 1. Analysis of
the refractive index changes at different interfaces of our cells (Table S2) indicates that the main
change in the refractive index (and thus the highest reflections) for the samples without gold is
at the cTiO2/mTiO; interface on the one side, and at the interface with air on the other side
(either PVSK/air or spiro/air). Comparison between the calculated apparent thicknesses and the
real distances between the two most reflecting interfaces (from SEM studies) reveals that the
former are about 40-50 % greater than the latter. A probable explanation might be that the

refractive index values of the triple cation perovskite are actually slightly different than those
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used in our calculations (there are not many literature data on this cell’s composition) or that
the additional resonators formed (due to smaller reflections at the other interfaces) complicate
the spectral oscillations pattern. Despite this discrepancy, the same trends are observed from
both experimental and calculation results. Most importantly, significant changes upon gold
deposition can be observed in the oscillations (Figure 1C). A gold electrode addition causes an
increase in the intensity of the interference pattern (reaching negative amplitudes in transient
absorption), shift of the interference maxima/minima and also a decrease in the distance
between them. The latter leads to an increase in the apparent thickness calculated from eq. (1),
as confirmed in Table 1. The above changes can be, at least partly, explained by a great
enhancement in the reflection when gold is added (spiro/Au interface in Table S2). It should be
noted that gold itself does not introduce any additional transient absorption in NIR region
(Figure 1C), but the changes are rather due to higher light reflection from the interfaces with
gold, resulting in the higher amplitude of the spectral oscillations (interference pattern) and a

modification of the period of these oscillations.

Transient absorption of the cells in the NIR range reveals interesting differences between the
ETM and the HTM sides (Figure 3C-D). Although the signal is dominated by the interference
pattern, additional rising feature can be observed in the spectrum of the sample excited from
the HTM side. While for the excitation from the ETM side the transient absorption amplitude
decays for all wavelengths (Figure 3C, the same behavior is observed for the cell with gold
Figure S6A), for that from the HTM side, the amplitude rises (or at least remains unchanged )
up to ~30 ps for wavelengths longer than 1200 nm (Figure 3D). We assign this effect to the
appearance of an oxidized spiro-OMeTAD due to the hole injections from the perovskite.
Indeed, the spectrum of the oxidized form of spiro-OMeTAD is reported to show a strong
absorption band in the NIR range, with a maximum at ~1500 nm.?? For the solar cell samples

with gold, similar features can be noted when excited from the HTM side (Figure S6B),
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however, their observation is more difficult because gold enhances the contribution of
interference oscillations, including the negative transient absorption signals. Our findings shed
more light on the proper interpretation of the transient signals in the NIR range, which so far

19,20

have been attributed either exclusively to the HTM oxidation/ETM reduction ™" or exclusively

to the interference artifact.2*2340

Effect of irradiation in spectroscopic studies

To investigate changes in the perovskite layer properties upon light illumination, at first
we performed steady-state absorption experiment: prior to 1 Sun irradiation, in 30 min and
60 min after it (Figure 4A). We also let the sample rest in the dark for the next 60 min and then
tested it again. The illumination caused a redshift of the absorption edge, which could be
assigned to ion segregation in the mixed ion perovskite material, as will be further supported
by the transient absorption results. The observed redshift of 1-2 nm is not so pronounced as e.g.
for MAPbBIBr3*%4*% but clearly visible. The longer the sample was kept under illumination,
the greater the shift, which partially recovered when keeping the sample in the dark. The steady-
state absorption changes upon irradiation and recovery in the dark are accompanied with a
strong variation observed in the current-voltage measurements (Figure S7). Current drops to
30 % of the initial value after an hour of 1 Sun illumination and recovers up to 60 % of the
initial when kept in the dark for another 60 min. Such a reversible spectroscopic and electric

changes upon 1Sun illumination are characteristic of the ionic movement in PSCs.?’
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Figure 4 A — Steady-state absorbance spectra recorded before illumination (black), after 30 min (yellow), 60 min (blue)
under 1Sun and 60 min in the dark after 60 min 1Sun bias (dashed, red). B — Transient absorption signal after 3 ns pump-
probe delay for subsequent scans for a full cell without gold electrode, excited from ETM side by 475 nm, 30 uJ/em? pump. C
— Averaged normalized bleach amplitude at 3 ns (each subsequent scan pair) as a function of time (one scan pair duration
was equal to 189 s., giving about 6 min. difference between points) for samples with and without gold (black squares), with
FTO glass and perovskite layer only (red dots), with (blue triangles) and without HTM (green diamonds) measured from
HTM side and sample composed of TiO:2 and perovskite on glass without FTO layer (grey triangles) D — Single shot transient
absorption spectra after 3 ps pump-probe delay of a complete cell with 100 nm gold, excited from ETM side for different
pretreatment. Measurements were made for an as-obtained cell (gray) then the sample was kept at -900 mV for 10 min (red),

after that it was subjected to laser irradiation for 10 min (blue) and the cell was kept at -900 mV for 10 min again (green).
As we have noted previously, the results of TA experiment (lasting from a few to tens of
minutes) could be also affected by slow changes (taking place in minutes) in the sample induced
by illumination.?’ In order to describe in details in which way the laser illumination time
modifies the signal of PCS, we performed femtosecond transient absorption experiments

consisting of over a dozen scans upon excitation with the pump fluence of 30 uJ/cm?. The
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bidirectional scan mode was chosen, which means that in the odd scans the pump-probe delay
was varied from fs to ns (increasing) and in the even scans — in the opposite direction
(decreasing). In this way the photoinduced changes in the two consecutive scans (assuming the
linear change in time) are compensated for. Because of that, we compared pairs of scans of

~3 min duration each.

Figure 4B shows the spectra at 3 ns pump-probe delay (the maximum of experiment time
window) of a complete cell sample, measured form the ETM side with a characteristic bleach
at around 750 nm for subsequent scans. It is clearly seen that the bleach is vanishing with the
experiment time. The changes were much smaller when the sample was excited from the HTM
side (Figure S8A). The decrease in the bleach amplitude was accompanied by its small red-shift
and widening. We did not observe clear additional bands of “fully segregated” phases, like
MAPbBr; band at ~530 nm (as observed by DuBose et al. for MAPbI, 5Bri 5°®) or FAPbBr; at
545 nm.* It is due to the presence of FA" and Cs* ions which make the lattice more resistant to
ion segregation.?’” Although the triple cation perovskites are known to show the strongest
resistance against ion segregation from among other perovskite mixes,?’ the red-shift and
widening could be caused by different rearrangement of the ions in the perovskite structure
which results in a variety of band gaps. However, the conservation of the total bleach signal
integral is not fulfilled. We can point to a few possible reasons, e.g. different (smaller)
absorption coefficients of the rearranged perovskites than that of the original arrangement or
the appearance of many perovskite mixes whose contributions are small and disappear in the
noise. The widening of the bleach can be also caused by a red-shift of the stimulated emission

band at the long-wavelength slope of the bleach.

Averaged normalized AA amplitudes at 3 ns as a function of the experiment time for a complete
solar cell measured from ETM and HTM sides as well as for reference samples are shown in

Figure 4C. The TA amplitude of a complete cell excited from the titania layer (black squares)
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exhibits significant linear decrease in time. The initial signal at 2 ps delay behaves in the same
way (Figure S8B): the amplitudes of both signals decrease by about 20 % after 35 min of
irradiation during the experiment. The excitation from the HTM side (Figure 4C blue triangles)
results in a smaller decrease in the signal. To further investigate this phenomenon, we tested
the reference samples with some of the layers missing. One such sample was made on the
unconducive glass without spiro-OMeTAD (TiO2/PVSK, gray diamonds) and another one
without a titania layer and spiro-OMeTAD (FTO/PVSK, red dots), both samples were excited
from the ETM side (glass side). When TiO is present, the signal’s waning during the
experiment looks similar as for the complete cell. In the absence of the titania layer, the bleach
signal does not decrease at all. This is in line with the Dubose et al. findings for MAPbI, 5Bri 5

who claimed that only charge extraction by TiOx causes ion segregation.

In the next step, the TA data were globally fitted by the multi-exponential decay function in the
whole spectral window (550-850 nm). Exemplary fitting results — pre-exponential factor
spectra of the fitted time constants — are presented in Figure S9 for subsequent scan pairs of
reference samples. A clear decrease in the amplitude of all fitting components in subsequent
scans can be observed for the perovskite deposited on the TiO> layer, while no decrease is
observed for the sample without TiO,. The obtained time constants (t;) are listed in Tables S3
and S4. The shortest time constant (t1, an order of hundreds of femtoseconds) describes the
initial charge cooling and its values are unchanged for both samples. Longer time constants
characterize charge recombination and charge injection dynamics and take values from single
to teens of picosecond (t2), via tens of ps (13) till single nanoseconds (t4). All time constants are
unchanged when perovskite is deposited on the FTO glass only. However, the samples with
TiO; layer show a shortening of these time constants. For more quantitative data, several
complete solar cell samples excited from the ETM side (475 nm, 30 pJ/cm?) were investigated.

The time constant shortenings (averaged from 5 experiments) for the
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FTO/cTiO2/mTiO2/PVSK/spiro samples after 13 min of the experiment are equal to 0 + 2 %,
17+4%,9+2 % and 4 + 2 % for 11, 12, T3 and 14 respectively. It indicates that processes such
as electron injection and/or charge recombination accelerate with irradiation time (ion

rearrangement).

Next, we compared the effect of irradiation with femtosecond pulses to that of irradiation with
continuous 1Sun illumination on TA results. We illuminated the complete cell with 1Sun source
(LED) and collected spectra at 2 ps after excitation in a single shot experiment (to minimalize
the sample exposure to laser pulses). The collected spectra are shown in Figure S10A and
exhibit the same features as observed upon laser irradiation: amplitude decrease and redshift of
the bleach, probably caused by ion movement and further the formation of some lower energy
perovskite composition. Normalized minimal amplitudes at 2 ps for the illumination with 1Sun
or laser are plotted in Figure S10B. The results show that femtosecond laser illumination at
475 nm, 30 pJ/cm? during TA experiments leads to approximately the same decrease rate in the
bleach signal as the continuous 1Sun illumination (it reduces the signal by about 15 % after

25 min).

Effect of additional bias

Successful realization of TA experiments of complete cells through gold layer makes it possible
to observe charge transport and ion movement in the PCSs under the applied bias. We chose
three different bias points: the forward -900 mV (close to Voc), 0 V and the reverse +900 mV.
Under the bias of -900 mV, the current is close to zero (when the system is illuminated) or flows
in the opposite direction (from anode of TiO: to cathode with a spiro-OMeTAD layer) under

no illumination. For the bias of 0 V, the current is maximized when the sample is illuminated



KPB-7

or equal to 0 A without illumination, while for the bias of +900 mV, the current is similar to

that for 0 V and has the same direction.

We first examined the “stationary” (or long-term) effects of the applied voltage. Figure 4D
depicts the TA spectra at 3 ps pump-pulse delay (excitation from ETM side) without any bias,
after 10 min in the dark with -900 mV, after another 10 min of laser illumination without
applied voltage and again for 10 min in the dark under -900 mV bias. The spectra were taken
at single time delay point (single-shot) to avoid long-term changes described above. When
-900 mV bias was applied in the dark (which means forward current direction — electron
transport from ETM to HTM) an increase in the bleach by a few percent was noted (but with
no changes to the bleach shape) in comparison to that of the fresh sample. As expected, the TA
signal decreases (by about 20 %) as well as bleach widens, upon laser illumination (without
additional bias). Then, the TA amplitude regenerates partially when the sample is kept again in
the dark at the bias of -900 mV (to about 90 % of the initial amplitude). Therefore, a voltage

bias in the forward direction can counteract the photoinduced ion rearrangement in the

perovskite.
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( ) complete cell, ( )
107 ETM side, complete cell,
® applied potential: @ HTM side,
2 0,8 0mvV > applied potential:
£ -900 mV b= omv
2 ! +900 mV o -900 mV
§ 067% g +900 mV
o \ 2
9 -
@ @
N N
© T
£ g
2 2 02
0,0 T T T T T 0,0 T T T T T
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Time (ps) Time (ps)

Figure 5 Normalized minimum band integral decay of a complete cell with gold, excited from ETM (A) or HTM (B) side for
different applied potential. Jexc.=475 nm, pump fluence: 30 uJ/cm?, integration range: 660-800 nm. Black dotted line in all

figures shows multi-exponential fit with the parameters given at the end of the supporting information.
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The applied potential not only changes the TA spectra in a long time scale of ion migration, but
it also affects the charge population dynamics after excitation in the ps-ns time scale. To
properly investigate such dynamics we calculated the band integral (BI) over a broad spectral

range, defined as:
da
BI(t,A2) = [ AA(t, 2) - (2)

As we have shown previously,*> BI better describes charge population than kinetics at a single
wavelength (e.g. at bleach minimum), especially for moderate and high pump fluence. Figure 5
presents decays of the Bl signal (integration range: 660-800 nm) for different applied potentials
during the TA experiment. For the excitation from the HTM side we applied experiment of
normal duration, while for the excitation from ETM we used faster experiment to minimize
photoinduced changes (total duration reduced to 140 seconds by decreasing the number of scans
and time point, especially below 1 ps). At -900 mV bias with laser irradiation the injection of
the charges to ETM and HTM is significantly reduced because the photocurrent is close to zero
near Voc (as shown in previous section, fluence 30 pJ/cm? provides similar conditions to 1Sun).
Therefore, we are able to observe the charge dynamics in full cells when only recombination
processes occur with minimized influence of charge injections. Indeed, reduction of charge
carriers injection (applied bias of -900 mV, blue) causes an increase in the electron and hole
lifetimes in both cases (Figure 5). BI signals for the other two potentials (+900 mV and 0 mV)

show very similar characters of decay.



KPB-7

Table 2 Three-exponential global analysis results for a cell with different applied bias for excitations from ETM and HTM

side. The shortest time constant for excitation from ETM side is fixed due to a small number of pump-probe delays up to 1 ps

(“fast experiment”). The relative error of all time constants is 3-6%. Pre-exponential factor spectra corresponding to the

time constants determined for excitation from ETM side are shown in Figure S11.

Excitation side | Applied bias [mV] 1 [ps] T2 [ps] T3 [ns]
2900 87 3.6
E 0 ( ﬁ(lz 0 77 3.0
= +900 79 3.0
S 2900 0.54 42 23
= 0 0.54 39 1.9
T +900 0.55 40 2.0

Further confirmation of longer lifetimes upon a bias close to Voc is presented in Table 2 which
lists 3-exponential global analysis results of the TA data for the same samples. Pre-exponential
factor spectra of the fitting for each potential point are shown in Figure S11, and they exhibit
no significant differences in the spectral shape for different potentials. In the experiment with
excitation from the ETM side, the fastest time constant was kept fixed at value 0.5 ps due to
reduced number of time points in the fast experiment. The longest time constants for excitation
from the ETM and HTM sides were obtained for -900 mV (except for 11, which corresponded
to charge cooling). Although we mostly see differences in nanosecond time scale, it is still hard
to determine the injection rate because even a picosecond injection process can affect charge
population decay in nanosecond time scale due to the charge diffusion in the perovskite.'®
Determination of exact intrinsic charge injection dynamics requires the fits to numerical
solutions of the differential charge population equations, which is beyond the scope of this
work. However, a significant methodological importance of our findings should be emphasized:
in principle the transient absorption measurements under different applied voltage for complete
cells with metal (gold) electrodes enable separation of the electron and hole injection dynamics

from the electron and hole recombination processes.

Coming back to the long—term changes, the band integral analysis reveals also that we are able

to minimize the photoinduced ion rearrangement changes by applying a potential at which the
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charge carrier injection is significantly decreased. We performed the “normal” (long) TA
experiment with -900 mV bias and excitation from the ETM side and, unlike the other
experiments with excitation from the ETM side, we did not see a significant signal decrease
(either in bleach minimum or in B/ amplitude, Figure S12). It confirms that the ion
migration/rearrangement requires not only the presence of TiO> layers but it needs non-open

circuit conditions in which current flows and electron injection process takes place.

Summary

In this paper we examined the complete solar cells with deposited gold electrodes and mixed
halide triple cation perovskite (FAo.76MA0.19Cs0.0sPb(lo.81Bro.19)3) sandwiched between spiro-
OMeTAD and titania layers. First of all, we revealed that the characterization of such samples
using transmission absorption spectroscopy in the visible and near infrared ranges is possible.
With the gold layer of 100 nm (the thickest of those used in our studies) the light suppression
is up to 80 %, which lowers the signal to noise ratio but is still high enough to get all the
information regarding the spectral features and charge dynamics in a reasonable measurement
time. The gold electrode does not modify significantly the spectral and temporal features in
transient absorption, in particular the main bleach dynamics is exactly the same as for the
reference samples without gold, provided that the pump pulse fluence is increased accordingly
to ensure the same amplitude of the transient absorption signal. The only effects of gold
presence are the appearance of an additional positive signal in the range 770-840 nm and
modification of the interference pattern in the range 900-1600 nm due to light resonance at thin
cell layers (increased amplitude and decreased period of the spectral oscillations). Despite the
dominant role of the interference signal in the near-infrared range, we were able to observe the
signal of oxidized spiro-OMeTAD formed upon hole injection from the perovskite and extract

its dynamics.
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The main advantage of using the full cells with gold electrodes as the samples is the possibility
of absorption measurements with the additional bias applied. To the best of our knowledge, the
processes on nanosecond and picosecond time scale in fully operating and biased perovskite
solar cells have not been investigated as yet. As an example, we have compared the charge
population dynamics in the short circuit conditions (bias 0 mV) and when the current flow in
the cell is minimized under forward bias close to Voc (-900 mV in our case) and irradiation
close to 1Sun (excitation at 475 nm with 30 pJ/cm? in our case). In the latter case the perovskite
charge population lifetimes (on picosecond and nanosecond time scale) were increased by 10-

20 % due to the lack of electron and hole injection to the contact materials.

Moreover, application of forward bias enabled us to suppress the unwanted photoinduced
degradation of the cells. Without the bias we observed significant changes in the bleach signal
during the transient absorption experiment: a decrease in its amplitude to 20 % in 30 minutes
(using pump pulses of 30 uJ/cm?) and a small bathochromic shift. The charge population
lifetimes were also changed (about 10 % decrease after 15 minutes of experiment). We assigned
such photoinduced changes to ion rearrangement that can still occur despite relative stability of
triple cation perovskite, and we confirmed that they are strictly related to the presence of
mesoporous TiO> layer. The photoinduced changes are partially reversible and can be

minimized by applying a forward bias and/or excitation from the spiro-OMeTAD side.

We believe that our studies will increase the understanding of perovskite solar cells operation
and will pave the way to a new class of spectroscopic measurements of full cells at different
operating conditions, especially, to investigation of short and ultrashort processes (from

femtoseconds to nanoseconds) under applied bias voltage.
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Scheme S1 A — Schematic presentation of the TA experiment configuration with and without gold from ETM or HTM side.
B — Image of the TA experiment setup with bias voltage control. LED was added to the setup, when 1Sun illumination
conditions were desired.
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Figure S2 Steady state absorption spectra of the listed samples, excited from ETM or HTM side.
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Figure S3 Femtosecond transient absorption spectra after certain pump-probe delay of a complete solar cell excited from the
HTM side by 475 nm (30 puJ/cm?) laser pulse. Time “zero” corresponds to the maximum temporal pump-probe overlap.
Simplified calculations of spectral oscillations in the amplitude of stationary and
transient absorption in the NIR range, based on the interference of light reflected from

two main interfaces.

Below we present a simple simulation of the spectral oscillations observed in the absorption
measurements in the NIR range. It is assumed that only a single perovskite layer of the thickness
D contributes to the oscillations which appear due to the interference of the light reflected from
the interfaces at both sides (one with FTO, the other with the air). The intensity of incident light
as a function of the wavelength of light transmitted through a transparent film at normal

incidence can be calculated from the formula:'-

Io(1-1)?

AmnzDys (S1)

1+1r2-27rcos( )

(1) =

where /y is the incident light intensity, 72 is the index of refraction of the perovskite film, and

is the reflection coefficient, which can be calculated as:

r) = (B2 (82)

nitn;

The average refractive indexes in the NIR range are: n;=1.35 for FTO, n;=1.00 for air, and

n>=2.1 for perovskite.® Therefore, from eq. (S2) the mean reflection coefficients at PVSK/FTO
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and PVSK/air interfaces are r=0.047 and 7=0.126, respectively. The average reflection
coefficient »=0.086 was used to calculate the light intensity /(1) from formula (S1), and then
the absorbance was calculated from the relation A(A)=log ({o/ I(1)). The results for a perovskite
of the thickness D=700 nm are shown in Figure S4A. Although the approximation is rough, the
amplitudes of the oscillations and their periods are in qualitative good agreement with the

experimental results of stationary absorption shown in Figures 1A and S2B.

The absorbance with the pump presence was calculated in the analogous way but the
refractive index of perovskite (n2) was decreased by the mean value of -0.003, reported by
Pasanen et al. for a similar pump pulse energy density as used in our experiments.* As can be
seen in Figure S4A, such a change in the refractive index of the film results in the red-shift of
the absorption by 1-2 nm. The shift causes the appearance of the transient absorption signal
with periodically changing negative and positive amplitudes (the period is the same as in
stationary absorption). Figure S4B presents the transient absorption signal calculated from the
formula AA=Awitn pump — Ano pump- Again, the agreement with the experimental spectra (Figure
1C) is quite good. Moreover, we calculated the transient absorption for 50 nm thinner and
thicker perovskite film (Figure S4B). As seen, the maxima and minima undergo remarkable
shifts, which can explain the variations of their positions in our experiments since the thickness

of our perovskite film can vary by +10 %.
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Figure S4 Simulated absorption signal according to Pasanen et al. with (red) and without (blue) pump (4) and transient
absorption signal using eq.S1 for three different perovskite layer thicknesses (B).

Full cells,
Ratio with / w/o gold,

08 Gold layer thickness:
0,7 1 30 nm
50 nm
o 0.6+ 100 nm
®
S, 05-
:‘5
G 044
£
0,3 1
0,2
0,1 T T T T T
550 600 650 700 750 800

Wavelength (nm)

Figure S5 Intensity ratio of a complete cell with and without gold for three different gold thicknesses. Light source was
provided by white light continuum of femtosecond transient absorption setup (probe).
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Table 1 SEM images of different gold layer thicknesses right after deposition and after 80 days, deposited on FTO glass only
and complete cell. Scale: m=m=100 nm

Gold layer
Substrate thickness Fresh layer W 80 ays old layer
50 nm
n
A
<
p—
o0
o
—
~
100 nm
50 nm
—
Q
&)
Q
=
]
p—
=
o
O
100 nm
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Table S2 Averaged (800-1200 nm) refractive index (n) of different PCS layer and reflectivity (R) of each PCS interface.

R=[(n-n2)/(ni+nz)]*.>

layer
Air
Glass
FTO
CTiOz
mTi02
PVSK
spiro-OMeTAD
Au
Air

(A)

0,006 4

0,004 4

0,000

1.00
1.45
1.52
1.76
2.18
2.18
1.53
0.69
1.00

ETM side, with gold
hexc. =475, 30 pd/em?

interface

air/glass
glass/FTO
FTO/cTiO;
¢Ti02/mTi0O;
mTiO»/PVSK
PVSK/spiro
spiro/Au
Au/Air

spiro/air (no Au)

Kinetic at:

950 nm
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(B)
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A

exc.
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Time (ps)
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— 1450 nm

-0,002

Figure S6 Kinetics of TA signal for complete cell with gold at different wavelengths, excited from the ETM (4) and HTM (B)
side. Excitation wavelength: 495 nm, energy density: 30 uJ/cm’. Black dotted lines in all figures shows multi-exponential fit

100
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with the parameters given at the end of the supporting information.
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Figure S7 Current-voltage curve of exemplary sample before, after 30 and 60 min under 1Sun illumination (scan rate:
50 mV/s).
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Figure S8 A — Transient absorption signal after 3 ns pump-probe delay for subsequent scans for a complete cell with gold
electrode, excited from HTM side. B — its normalized amplitude at 2 ps and 3 ns.
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Figure S9 Pre-exponential factor spectra obtained from global analysis of subsequent scans pairs of glass/FTO/PVSK (A)
and glass/TiO2/PVSK samples, excited from glass side. Arrow indicates the direction of spectral changes in time (from scan
to scan).
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Table S3 4-exponential global analysis results for each averaged scan pair for glass/FTO/PVSK sample at glass side.
The relative error of all time constants is 3-6%.

Averaged
Aver'c;%leiil scan e?:;ggéznt Ti[fs] | T2[ps] T3 [ps] T4 [ns]
time [s]
1-2 189 370 11 219 4.3
34 567 370 12 224 4.4
5-6 945 370 12 208 4.3
7-8 1323 380 12 215 4.3
9-10 1701 380 12 225 4.3

Table S4 4-exponential global analysis results for each averaged scan pair for glass/TiO2/PVSK sample at glass side.
The relative error of all time constants is 3-6%.

Averaged
Avere;ie;;l scan ez?lizlg:;nt oifs] | ops] o [ps] 2 [ns]
time [s]
1-2 189 380 13 140 4.0
34 567 380 11 128 39
5-6 945 390 9 125 39
7-8 1323 390 9 119 3.7
9-10 1701 380 8 121 3.7
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(A) full cell, glass side, @2ps
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Figure S10 A — Transient absorption spectra after 2 ps pump-probe delay (single shot) without and after certain 1Sun
illumination (provided by LED). B — Normalized minimum bleach amplitude of these spectra with a calibration plot
(constructed in the same way as that from figure 4C )
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Figure S11 Results of a three-exponential global analysis (decay associated spectra) with the fixed shortest time constant
(0.5 ps) for a complete cell with applied 0 mV (4), - 900 mV (B) and +900 mV (C) bias during experiment.
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Figure S12 A — Minimum bleach kinetics for subsequent averaged scan pairs of complete cell with applied -900 mV during
experiment. Excited from ETM side by 30 puJ/cm? pump (exe. =475 nm). B — Normalized Band Integral Amplitude at 3 ns for

the listed samples.
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Parameters fitted to the kinetics:

3-exponential fit, equation: y = yy + A, exp ( ) + A, exp (_(xt—;x")) + Az exp (_(xt—;x"))
Figure 3A: HTM side @740 nm, global fit:
no gold with gold
Yo 0+0 0+0
Xo 1.5+£0 1.5+£0
Aq 0.0163 +0.0005 0.0142 + 0.0005
t1 3.1+02ps 31+02ps
A, -0.0344 £ 0.001 -0.0390 £ 0.001
t2 370 £ 20 ps 370 + 20 ps
Aj -0.069 +0.001 -0.066 + 0.001
t; 4800 + 200 ps 4800 + 200 ps
R-Square (COD)=0.997
Figure 3B: HTM side @810 nm, global fit:
no gold with gold
Yo 0+0 0+0
Xo 13440 13440
Ay -0.0011 £0.0001 0.0043 +0.0001
t1 0.30 +0.02 ps 0.30 +0.02 ps
A, 0.00348 +0.0001 -0.00415 +0.0001
t2 333+1.7ps 333+ 1.7ps
Az 0.0037 +0.0001 -0.0021 £0.0001
t3 1520 =70 ps 1520 =70 ps
R-Square (COD)=0.997
Figure 3C: 950-1450 nm, ETM side no gold, global fit:
950 nm 1050 nm 1150 nm 1250 nm 1350 nm 1450 nm
Yo 0+£0 0+0 0+0 0+£0 0+0 0+£0
Xo 1+0 1+0 1+0 1+0 1+0 1+0
Aq 7E-5 + 6E-5 0.0018 +£0.0001 7.7E-4 £ 0.6E-4 9.3E-4 £ 0.6E-4 9.3E-4 £ 0.6E-4 4.1E-4 +£0.6E-4
t 0.37 £0.02 ps 0.37 £0.02 ps 0.37 £0.02 ps 0.37£0.02 ps 0.37 £0.02 ps 0.37 £0.02 ps
Ay | 0.0022 +0.0001 1.7E-4 £ 0.4E-4 9.4E-4 +£ 0.4E-4 6.1E-4 + 0.4E-4 9.4E-4 + 0.4E-4 0.0020 +0.0001
t 23.9+0.9 ps 23.9+0.9 ps 23.9+0.9 ps 23.9+0.9 ps 23.9+0.9 ps 23.9+0.9 ps
Aj 0.0014 £+ 0.0001 3.8E-4 +0.3E-4 0.0015 £ 0.0001 6.7E-4 + 0.2E-4 4.7E-4 £ 0.2E-4 0.0011 +0.0001
t3 2100 + 70 ps 2100 £ 70 ps 2100 £ 70 ps 2100 £ 70 ps 2100 £ 70 ps 2100 £ 70 ps

R-Square (COD)=0.989
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Figure 3D: 950-1450 nm, HTM side no gold, global fit:
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950 nm 1050 nm 1150 nm 1250 nm 1350 nm 1450 nm
Yo 0£0 0£0 0£0 0£0 0+£0 0£0
Xo 0.86+0 0.86+0 0.86+0 0.86 £0 0.86+0 0.86+0
Aq 5.7E-4 + 0.4E-4 4.2E-4 £ 0.4E-4 5.6E-4 + 0.4E-4 3E-5 £ 4E-5 -4.8E-4 + 0.4E-4 -6.7E-4 + 0.4E-4
t 1.7+0.2 ps 1.7£0.2 ps 1.7+0.2 ps 1.7+0.2 ps 1.7+0.2 ps 1.7+0.2 ps
A, 6.5E-4 + 0.5E-4 0.0012 £ 0.0001 5.3E-4 + 0.4E-4 5E-5 £4E-5 5.6E-4 + 0.5E-4 0.0016 +0.0001
t2 120 £ 8 ps 120 £ 8 ps 120+ 8 ps 120 £ 8 ps 120+ 8 ps 120 £ 8 ps
Aj 7.6E-4 + 0.4E-4 8.8E-4 + 0.4E-4 4.0E-4 +£03E-4 5.3E-4 +0.3E-4 9.9E-4 + 0.4E-4 0.0013 +0.0001
t3 3000 £ 200 ps 3000 £ 200 ps 3000 £ 200 ps 3000 £ 200 ps 3000 £ 200 ps 3000 £ 200 ps
R-Square (COD)=0.979
Figure S6A: 950-1450 nm, ETM side with gold, global fit:
950 nm 1050 nm 1150 nm 1250 nm 1350 nm 1450 nm
Yo 0£0 0£0 0£0 0£0 0£0 0£0
X0 1+£0 1+0 1+0 1+0 1+0 1+0
Aq 0.0020 +0.0001 0.0012 +0.0001 4.5E-4 £ 0.8E-4 0.0011 +0.0001 0.0014 +0.0001 2.1E-4 £ 0.8E-4
t 0.41 +0.03 ps 0.41 +0.03 ps 0.41 +0.03 ps 0.41 +0.03 ps 0.41 +0.03 ps 0.41 +0.03 ps
A, 2.8E-4 £ 0.6E-4 8.8E-4 + 0.6E-4 0.0017 +0.0001 7.5-4 £ 0.6E-4 3.2-4 £ 0.6E-4 0.0016 = 0.0001
t 23.6+ 1.4 ps 23.6+ 1.4 ps 23.6+ 1.4 ps 23.6+ 1.4 ps 23.6+ 1.4 ps 23.6+ 1.4 ps
Aj -1.2E-4 + 0.3E-4 0.0013 +0.0001 0.0018 +0.0001 -0.8E-5 £ 3E-5 -3.0E-4 + 0.3E-4 0.0021 +0.0001
t3 1770 £ 70 ps 1770 £70 ps 1770 £70 ps 1770 £70 ps 1770 £ 70 ps 1770 £70 ps
R-Square (COD)=0.987
Figure S6B: 950-1450 nm, HTM side with gold, global fit:
950 nm 1050 nm 1150 nm 1250 nm 1350 nm 1450 nm
Yo 0+0 0+0 0+0 00 0+0 00
Xo 0.66 0 0.66 £0 0.66 £0 0.66 £0 0.66 £0 0.66 £0
Ap | 0.0015+0.0001 8.2E-4 £ 0.7E-4 8.4E-4 +0.7E-4 0.0011 +0.0001 3.3E-4 +0.7E-4 -0.0011 £0.0001
t 0.29 £ 0.02 ps 0.29 +0.02 ps 0.29 +0.02 ps 0.29 +0.02 ps 0.29 +0.02 ps 0.29 +0.02 ps
A, | -7.5E-4+£04E-4 2.7E-4 £ 0.5E-4 -1E-5 £4E-5 -8.4E-4 + 0.5E-4 -3E-5 £ 4E-5 0.0022 +0.0001
t 89+ 6 ps 89+ 6ps 89+ 6ps 89+ 6 ps 89+ 6 ps 89+ 6ps
Az 8E-5 £ 3E-5 6.6E-4 £ 0.4E-4 2.2E-4 £ 0.3E-4 -4.6E-4 + 0.3E-4 4.6-4 £ 0.3E-4 0.0017 +£0.0001
ts | 3300300 ps 3300 + 300 ps 3300 + 300 ps 3300 + 300 ps 3300 + 300 ps 3300 + 300 ps

R-Square (COD)=0.989
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Parameters fitted to the kinetics:

4-exponential fit, equation:

Yy =Y+ A;exp (M) + A, exp (M) + Az exp (M) + Ay exp (@)

ty ty t3 4

Figure 5A: band integral, ETM side no gold, global fit:

-900 mV ov +900 mV

Yo 0+0 0+0 0+0

Xo 340 3+0 340
Aq 0.0106 = 0.0090 0.0099 +0.0091 0.0269 +0.0091
t1 05+0 0.5+0 0.5+0
A, 0.3371 £0.0134 0.3862 +0.0144 0.3734 +£0.0140
t 34 +£2ps 34 +£2ps 34 +2ps
Aj 0.2911 +£0.0114 0.3024 £ 0.0121 0.2934 +0.0118
t3 278 £20 ps 278 £20 ps 278 £20 ps
A4 0.3428 = 0.0076 0.2901 +0.0068 0.2853 +0.0067
ty 4920 + 270 ps 4920 + 270 ps 4920 + 270 ps

R-Square (COD)=0.9993
Figure 5B: band integral, HTM side no gold, global fit:
-900 mV 0 mV +900 mV

Yo 0+0 0+0 0+0

Xo 2.1£0 210 2.1£0
Aq 0.1500 = 0.0037 0.1364 +0.0036 0.1582 +0.0037
t1 2.81 £0.10 ps 2.81 £0.10 ps 2.81 £0.10 ps
A, 0.3074 +0.0062 0.3010 +0.0073 0.3010 +0.0068
t 51+£2ps S51£2ps 51£2ps
Az 0.2353 £ 0.0069 0.2750 + 0.0064 0.2565 +0.0065
t; 392 +25 ps 392+ 25 ps 392 +25 ps
Ay 0.3052 +0.0083 0.2766 +0.0081 0.2828 +0.0080
ts 4270 + 220 ps 4270 + 220 ps 4270 + 220 ps

R-Square (COD)=0.9996

(Longer lifetimes for the samples at -900 mV are manifested as higher amplitudes of the longer and
lower amplitudes of the shorter components with respect to the samples at OmV and +900 mV bias)
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Os$wiadczam, ze jako autorka niniejsze] rozprawy doktorskiej opartej o cykl
opublikowanych artykutéw naukowych, jestem wspodtautorka wszystkich publikacji
wchodzacych w jej sktad wraz z nastepujacym udziatem:

1. K.Pydzinska, P.Florczak, G.Nowaczyk, M.Ziodtek, Effect of different small molecule
hole transporters on the performance and charge transfer dynamics of perovskite solar cells,
Synthetic Metals, 232 (2017), 181-187

W powyzsze] pracy przygotowalam wszystkie badane ogniwa, wykonywatam
samodzielnie lub bratam w udziat we wszystkich przeprowadzonych eksperymentach,
analizowatam dane, bratam udziat w przygotowaniu manuskryptu.

2. K.Pydzinska, J.Karolczak, M.Szafranski, M.Ziotek, Differences in photoinduced
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Moj udzial w publikacji polegat na przygotowaniu wszystkich badanych ogniw 1
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Understanding the Effect of Different Synthesis Conditions on the Physicochemical Properties
of Mixed-Ion Perovskite Solar Cells, Chemistry-A European Journal, 25 (2019), 5978-
5986

Moj udziat w publikacji polegat na nadzorowaniu wytwarzania badanych ogniw,
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Moj udziat w publikacji polegat na przygotowaniu wszystkich badanych ogniw (na
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