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Abstrakt

Rozdziat 1 przedstawionej pracy doktorskiej opisuje efekty nasilajacych si¢ zmian klimatycznych,
wywotanych przez cztowieka jak 1 naturalnych, oraz postepujace wyczerpywanie si¢ tradycyjnych
zrodet energii, co spowodowato poszukiwanie nowych ich zrodet takich jak biomasa, energia
geotermalna, wiatr, a w szczegdlnosci energia stoneczna. Nowe zrodha energii scharakteryzowano
pod wzgledem wydajnosci. Ponadto podano ogolne przepisy dotyczace ochrony $rodowiska.

Wiele uwagi poswiecono wykorzystaniu energii stonecznej.

Rozdziat 2 podaje teoretyczne podstawy dotyczace tematu badan prezentowanej pracy doktorskiej.
Podano podstawowe informacje na temat pozioméw energetycznych metali, potprzewodnikow 1
izolatoréw. Pokrdtce omowiono powstawanie ziaren podczas krystalizacji cienkowarstwowej oraz
wplyw granic ziaren na transport tadunku w cienkich warstwach perowskitu. W tym rozdziale
wyjasniono takze mechanizmy transportu i wychwytywania tadunku w cienkich warstwach. W
tym rozdziale pokrotce opisano takze mechanizmy rekombinacji W roznych rodzajach
potprzewodnikOw. Nastepnie szczegdtowo wyjasniono podstawy dziatania ogniw stonecznych
opartych na ztagczu p-n, w ktorym wyjasniono powstawanie ekscytonéw lub pary elektron-dziura
pod wplywem absorpcji S$wiatta. Zdefiniowano istotne parametry pomiarow dla ogniw
stonecznych, takie jak gestos¢ pradu zwarcia (Js¢), napigcie obwodu otwartego (Voc), wspdiczynnik
wypehienia (FF) i wydajnos¢ konwersji mocy (PCE). Mechanizmy procesow wytwarzania
tadunku w cienkowarstwowym ogniwie stonecznym po absorpcji energii $wietlnej zostaly
omowione w dalszej czgsci tego rozdziatu wraz z krotkim opisem rdznych obszaréw widma
elektromagnetycznego stonca, z ktorych ogniwo stoneczne moze pozyskiwac energie, tj. Zakres
ultrafioletu (UV), zakres bliskiego UV, zakres podczerwieni (IR) i zakres widzialny (Vis).
Przedstawiono definicje wspotczynnika masy powietrza (AM) 1 jego znaczenie w celu wyjasnienia
sposobu w jaki energia $wiatla stonecznego jest rozpraszana dla roznych dtugosci fal, co pozwala

zrozumie¢ funkcjonowanie réznych ogniw stonecznych przy réznych dtugosciach fal.

Rozdziat 3 przedstawia rozwdj technologii perowskitowych ogniw stonecznych w sektorze

energetycznym 1 potencjal jej komercjalizacji, biorgc pod uwage niski koszt, stabilnos¢,



mozliwos¢ przeskalowania i1 zastosowania zielonej energii. Pokrotce wyjasniono ewolucje
perowskitowych ogniw stonecznych poczawszy od ich starszej generacji barwnikowych ogniw
stonecznych (DSSC). Pokrotce wyjasniono struktury Krystaliczne perowskitow, ich rodzaje ze
wzgledu na strukture sieciowa oraz wspolczynnik tolerancji Goldschmidta opisujacy stabilnos¢
struktury perowskitu. Nast¢pnie szczegdtowo wyjasniono strukturg elektronowg perowskitow, aby
wyjasnic jej przewage nad technologiami GaAs i Si. Opisano funkcj¢ kazdego sktadnika struktury
krystalicznej perowskitu ABXs, gdzie A jest kationem organicznym, B jest jonem metalu
dwuwarto$ciowego, a X jest jonem halogenkowym. Nastepnie omowiono rézne techniki
wytwarzania warstw perowskitu wraz z technikami wytwarzania chemicznego oraz szczegoétowo
oméwiono model przesycenia La Mera podczas zarodkowania i wzrostu cienkiej warstwy.
Omowiono rézne antyrozpuszczalniki stosowane do wygaszania w technice wkraplania
antyrozpuszczalnika (ADT) w celu uzyskania gtadszych i jednolitych warstw perowskitu oraz ich
mechanizm zmniejszania rozpuszczalno$ci rozpuszczalnika pierwotnego. W skrocony sposob
wyjasniono roézne rodzaje antyrozpuszczalnikow oraz czas i tempo ich stosowania. Szczegétowo
wyjasniono mechanizm transportu tadunku wraz z mechanizmami wychwytywania w granicach
ziaren perowskitowych ogniw stonecznych, a na koniec omoéwiono pomiary perowskitowych
ogniw stonecznych dla standardowych protokotéw w celu uzyskania parametrow pomiarowych
(Jsc, Vo, FF 1 PCE) wraz z periodycznym $ledzeniem maksymalnego punktu mocy (MPPT), ktore
zmniejsza efekty pre-bias, takie jak migracja jonow, ktora moze prowadzi¢ do niedoktadnosci

pomiaréw urzadzenia.

Rozdziat 4 rozpoczyna si¢ od wyjasnienia wptywu koloidow na wzrost warstw perowskitu. Do
Sledzenia rozpuszczania koloidow w czasie, spowodowanego dodatkiem kwasow
halogenowodorowych, wykorzystano analize dynamicznego rozpraszania S$wiatta. Miejsca
zarodkowania, jakie wydaja si¢ zapewnia¢ te koloidy dla krystalizacji perowskitu, maja znaczacy
wplyw na ksztalt krysztatu, jego jakos¢ i mozliwosci optoelektroniczne, ktore zaobserwowano w
tej pracy. Bardzo waznym punktem badan byto przeprowadzenie syntezy jodku metyloamonu
(CHsNHszI, MAI) w unikalny sposob, ktory pozwala uzyskaé ultra czysty material przy
zastosowaniu taniego i prostego procesu. Ta metoda wytwarzania MAI zapewnia lepsza kontrole
nad koloidalnym roztworem prekursora perowskitu. Perowskitowe ogniwa stoneczne

charakteryzujace si¢ PCE powyzej 15% zostaly wyprodukowane na podtozach na bazie szkta (2,0



x 1,5 cm?), ten protokot syntezy zastosowano rowniez do innych jodkéw alkiloamoniowych. Do
rozprawy doktorskiej dotgczono kopie pracy zatytutlowang ,,New Synthetic Route of Ultrapure
Alkylammonium lodides for Perovskite Thin Films of Superior Optoelectronic Properties” (DOI:

10.1002/ente.202000478) prezentujaca te cze$¢ badan wykonanych w ramach pracy doktorskie;j.

W drugiej czgsci rozdziatu 4 zastosowano spektroskopie odbicia w bliskiej podczerwieni do
elastycznych perowskitowych ogniw stonecznych na bazie politereftalanu etylenu/tlenku cynku
(PET/IZO) (0,18 x 0,13 cm? w celu zbadania kontrolowanego w czasie starzenia ogniw
stonecznych. Zastosowano dwuwymiarowg spektroskopi¢ korelacyjng (2DCOS) dla zmiennej w
czasie reflektancji w podczerwieni, aby wyjasni¢ jednoczesne zmiany natezen spektralnych, ktore
byly zwigzane z chemicznymi i optycznymi zaburzeniami interakcji molekularnych réznych
zwigzkow chemicznych podczas starzenia wytworzonych warstw perowskitu. Podano wyjasnienie
mechanizmu degradacji perowskitu. Najbardziej widoczne zmiany we wspotczynniku odbicia
zaobserwowano w przypadku starzejacych si¢ ogniw stonecznych bez srebrnej elektrody, co
sugeruje, ze ogniwa bez bariery ochronnej mogg by¢ bardziej podatne na zewngtrzne czynniki
degradacji, takie jak stres zwigzany ze $wiatlem i termiczny. Do rozprawy doktorskiej dotaczono
kopie pracy ,,Analysis of Perovskite Solar Cell Degradation over Time using NIR Spectroscopy —
a Novel Approach” (DOI: 10.3390/en15155397) poswigcong tej czesSci badan wykonanych w
ramach pracy doktorskiej.

Trzecia cz¢$¢ rozdziatu 4 skupia si¢ na nowej molekule perylenodiimidu (PDI), o ktorej wiadomo,
ze wykazuje wysokg absorpcje molowa i wysoka absorpcje w widmie widzialnym. PDI zostata
funkcjonalizowana czterema réoznymi grupami podstawnikow w pozycjach ,bay”. Otrzymane
materialty moga w przysztosci zastapi¢ tradycyjne materialy do transportu elektronéw na bazie
fulerenéw 1 prowadzi¢ do lepszej wydajnosci poprzez minimalizacj¢ strat transportowych w
perowskitowych ogniwach stonecznych. Grupy funkcyjne przylaczone do molekuty PDI
wplywajg na wyré6wnanie pozioméw energetycznych pomiedzy molekutami PDI a perowskitem,
prowadzac w ten sposob do lepszej ekstrakeji tadunku na granicy faz. Dzigki tej nowej molekule
PDI uzyskano PCE wynoszacy 16,8% w elastycznych ogniwach perowskitowych z potréjnym
kationem, o wymiarach 0,18 x 0,13 cm? Ta warto$¢ byta bliska PCE réwnemu 17,3% dla

urzadzenia na bazie estru metylowego kwasu [6,6]-fenylo-Cs1 mastowego (PCBM). W zatgczeniu



jest kopia pracy ,,Solution-processable perylene diimide-based electron transport materials as
non-fullerene alternatives for inverted perovskite solar cells” (DOI. 10.1039/d2ta01321e)

prezentujaca szczegodtowo te czes¢ badan przeprowadzonych w ramach pracy doktorskiej.

W czwartej czesdci rozdzialu 4 badano efekty zmiany ,,buried interface” (ukrytej granicy faz)
migdzy materiatem transportujgcym dziury (HTM) a warstwg perowskitu przy uzyciu duzych
kationéw organicznych (BOC), w celu zwigkszenia kontaktu elektrycznego i jako$ci warstwy
perowskitu. Badano rowniez wplyw fluorowania kationu organicznego na skutecznos¢ tej metody
modyfikacji. Zilustrowano tworzenie faz perowskitu 2D na ukrytej granicy faz, badajac odstonigte
dolne warstwy perowskitu i wskazujac na integracje masywnych kationow w jego sie¢. W
przypadku zmodyfikowanych warstw liczne techniki spektroskopowe i pomiary elektryczne
ujawnily lepsza ekstrakcj¢ dziur i zmniejszone straty w wyniku rekombinacji niepromienistej. W
réznych przeprowadzonych testach stabilnosci (test termiczny w temperaturze 85 °C, test dziatania
w punkcie mocy maksymalnej, test wygrzewania w obwodzie otwartym) urzadzenia ze stykiem
po stronie p zmodyfikowanym BOC wykazuja znacznie lepsza niezawodno$¢ dlugoterminowsq i
wykazuja lepsza wydajnos¢ fotowoltaiczng (blisko 19% dla najlepszego urzadzenia
wielkopowierzchniowego na elastycznym podtozu o wymiarach 0,18 x 0,13 c¢cm?). Ponadto
potwierdzono te wyniki, zwracajac uwage na wzmocniong integralno$¢ strukturalng warstw
perowskitu w nastepstwie zmiany granicy faz, co objawia si¢ wolniejszym uwalnianiem jodu
podczas ciaggltego naswietlania. Potwierdzono to dodatkowo modelowaniem obliczeniowym
zmodyfikowanych 1 niezmienionych oddziatywan HTM/perowskit. Dotaczono kopi¢ pracy
,,Modification of a Buried Interface with Bulky Organic Cations for Highly Stable Flexible
Perovskite Solar Cells” (DOI: 10.1021/acsaem.2c02780) poswigcong tej czesci badan
przeprowadzonych w ramach pracy doktorskiej.

W ostatniej cze$ci rozdziatu 4 przedstawiono zaproponowang technikg laminowania zapewniajaca
silng hermetyzacje ogniw. Przedstawiono odpowiednie materialy klejace, folie barierowe 1
uszczelniacze krawedzi. Uniwersalnos¢ tej techniki wykazano poprzez zastosowanie opracowane;j
procedury do trzech roznych konfiguracji perowskitowych ogniw stonecznych (p-i-n z weglem, p-
i-n ze srebrem i n-i z weglem) wytworzonych z duza powierzchnig aktywna (I cm?).

Wysokowydajne, elastyczne ogniwa stoneczne (0,18 x 0,13 cm?) zachowaly ponad 85% swojej



poczatkowe] wydajnosci po serii testOw przyspieszonego starzenia opartych na normach
branzowych (IEC 61215 1 IEC 61646), ktore obejmowaty 1400 godzin w warunkach wysokiej
wilgotnos$ci 1 wysokiej temperatury, 50 cykli termicznych i 10 cykli zamrazania w warunkach
wysokiej wilgotnosci. Otrzymane wyniki byly znaczacym przetomem w badaniach nad
stabilnos$cig perowskitowych ogniw stonecznych, poniewaz przedstawiono przekonujaca oceng
dlugoterminowej niezawodno$ci elastycznej fotowoltaiki perowskitowej w rzeczywistych
warunkach zewnetrznych. Dotaczono kopig pracy ,,Encapsulation protocol for flexible perovskite
solar cells enabling stability in accelerated aging tests” (DOI: 10.1002/eem2.12434) opisujacg t¢

czes$¢ badan przeprowadzonych w ramach pracy doktorskie;j.

W Rozdziale 5 podano podstawowe wyniki uzyskane w ramach tego projektu doktorskiego oraz
ich konsekwencje w dziedzinie badan nad perowskitowymi modutami stlonecznymi. Rozprawe
zakonczono wieloma propozycjami przyszlych prac w dziedzinie perowskitowych ogniw

stonecznych oraz przedstawiono dodatkowe potencjalne udoskonalenie wynikow.



Abstract

Chapter 1 of the presented doctoral dissertation describes the effects of growing climatic changes,
caused by man and nature, and the depletion of traditional energy resources, which have stimulated
the search for new sources of energy, including biomass, geothermal energy, wind, and in
particular solar energy. The new sources of energy have been characterised by their efficiency.
Moreover, the general regulations for natural environment protection have been mentioned. Much

attention has been drawn to the specific advantages of using solar energy.

Chapter 2 gives the theoretical background of the subject of research undertaken in the doctoral
dissertation. First, the energy levels of metals, semiconductors and insulators are explained. The
formation of grains in the process of thin-layer crystallization and the effect of the grain boundaries
on the charge transfer in perovskite thin layers are discussed. The mechanisms of charge transport
and charge capturing in thin films are described together with the mechanisms of recombination
in semiconductors of different types. The principles of work of solar cells based on p-n junction
are explained along with the generation of excitons or electron-hole pair under the effect of
absorbed light. The parameters describing the solar cells are defined, including short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power conversion efficiency
(PCE). Further on the mechanisms involved in the process of charge generation in the thin-film
solar cell are described. Also, the effects of solar light absorption from different spectral ranges
are included, including those of absorption in ultraviolet (UV), near UV, infrared (IR) and visual
(Vis). Moreover, the notion of air mass (AM) coefficient is introduced and its importance in
explaining the sunlight energy dispersion at different wavelengths after it has passed through the
atmosphere, which helps in understanding the functioning of different solar cells at different

wavelengths.

Chapter 3 presents the progress made in the technology of perovskite solar cells in the aspect of
their application in solar energy production and the potential of its commercialisation in view of
its low cost, stability, rescaling ability, and green energy use. The evolution of perovskite solar
cells, starting from an old generation of dye synthesized solar cells (DSSC) is briefly described.
The crystalline structure of perovskites, its types differing in the lattice structure and the



Goldschmidt tolerance factor, used to describe the perovskite structure stability are defined. The
electronic structure of perovskites has been given more attention to point out the advantages of
perovskite technology over those of GaAs and Si. The function of each component of the
crystalline structure of ABX3 perovskite, where A is an organic cation, B is a divalent metal ion,
and X is a halogen ion, is explained. Different techniques of perovskite thin layer production are
presented, including the wet bench based techniques such as spin coating, while La Mer’s
supersaturation model of nucleation and thin film growth has been given particular attention.
Different anti-solvents used for quenching in the anti-solvent dropping technique (ADT) for
smoother and uniform perovskite films and their mechanism in reducing the solubility of the
primary solvent have been discussed. Different types of anti-solvents and their application time
and rates have been explained. The charge transport mechanism along with trapping mechanisms
in grain boundaries of perovskite solar cells have been explained in detail and finally, the
perovskite solar cell measurement for standard protocols to obtain measurement parameters (Jsc,
Vo, FF, and PCE) have been discussed along with the periodic maximum power point tracking
(MPPT) which reduces pre biasing effects like ion migration which could lead to inaccuracy in

device measurements.

Chapter 4 first starts with an explanation of the impact of colloids on the growth of perovskite
films. Dynamic light scattering analysis was used to trace the dissolution of colloids initiated by
the addition of hydrohalic acid, in time. The nucleation sites that these colloids offer for perovskite
crystallization have a significant influence on the crystal’s shape, quality, and its optoelectronic
capabilities, observed in this study. An important issue was the synthesis of methylammonium
iodide (CH3NHsl, MAI) that yields ultrapure material in a low-cost and straightforward process.
This method of preparing MAI gives it better control over the colloidal perovskite precursor
solution. Perovskite solar cells characterized with PCE of above 15% were fabricated on glass
based substrates (2.0 x 1.5cm?), and the synthetic protocol applied was also followed for other
alkylammonium iodides. A copy of the paper entitled ‘New Synthetic Route of Ultrapure
Alkylammonium lodides for Perovskite Thin Films of Superior Optoelectronic Properties’ (DOI:
10.1002/ente.202000478) describing this new procedure is attached.



In the second part of Chapter 4, a near IR based reflectance spectroscopy was applied to flexible
polyethylene terephthalate/indium zinc oxide (PET/1ZO) based perovskite solar cells (0.18x 0.13
cm?) to study the time controlled aging of the solar cells. A two dimensional correlation
spectroscopy (2DCOS) of time varying NIR reflectance was applied to explain the concurrent
variations in spectral intensities which were related to chemical and optical perturbations of the
molecular interactions of different chemical species in the process of ageing of fabricated
perovskite films. This chapter offers an explanation of the perovskite degradation mechanism over
time. The most prominent changes in reflectance were observed for aged solar cells without a
silver electrode, which suggested that the cells without a protective barrier could be more
susceptible to extrinsic factors of degradation like sunlight and thermal stress. A copy of the paper
entitled ‘Analysis of Perovskite Solar Cell Degradation over Time using NIR Spectroscopy — a
Novel Approach’ (DOI: 10.3390/en15155397) devoted to this part of the doctoral dissertation is

enclosed.

The third section of Chapter 4 is focused on a novel molecule of perylene diimide (PDI), known
to display high molar absorptance and high absorption in the visible range. In this study, the PDI
molecules were functionalized with four different substituent groups in the bay positions. The
materials obtained could replace in future the traditional fullerene-based electron transport
materials and lead to better efficiencies by minimizing transport losses in perovskite solar cells.
The functional groups attached to the PDI molecule led to the alignment of energy levels between
the PDI molecules and the perovskite, thus leading to better charge extraction at this interface.
Thanks to this new PDI molecule, it was possible to achieve a PCE of 16.8%, using flexible
substrate based perovskite solar cells with a triple cation, of the size 0.18 x 0.13 cm?, which was
close to the PCE of 17.3 % obtained for the cells based on methyl ester of [6,6]-phenyl-Ce1 butyric
acid (PCBM). A copy of the paper entitled ‘Solution-processable perylene diimide-based electron
transport materials as non-fullerene alternatives for inverted perovskite solar cells’ (DOI:

10.1039/d2ta01321e), reporting the above part of the doctoral dissertation, is enclosed.

The main issue of the fourth section of Chapter 4 is an investigation of the change in the buried
interface between the hole transport (HTM) and perovskite layer, as a consequence of using bulky

organic cations (BOC) to increase the electronic contact and perovskite thin layer quality. The



effect of fluorination of the organic cation on the results of this modification method was also
considered. The formation of 2D perovskite phases at the buried interface was analysed by
examining the lift-off perovskite samples, indicating the integration of massive cations into the
perovskite lattice. At the modified interfaces, numerous spectroscopic and electrical
characterization techniques revealed enhanced hole extraction and reduced non-radiative
recombination losses. In various stability tests (thermal test at 85 °C, operational test at maximum
power point, light soaking test at open-circuit), the devices with the BOC-modified p-side contact
exhibited significantly improved long-term reliability and showed improved photovoltaic
performance (approaching 19% for the champion large-area device on the flexible substrate of
dimensions 0.18 x 0.13 cm?). Additionally, these findings were confirmed by pointing out the
perovskite films strengthened structural integrity following interface alteration, which is
demonstrated by slower iodine release during continuous light soaking. This is further supported
by computational modelling of the modified and unaltered HTM/perovskite interactions. A copy
of the paper ‘Modification of a Buried Interface with Bulky Organic Cations for Highly Stable
Flexible Perovskite Solar Cells’ (DOI: 10.1021/acsaem.2c02780) describing in detail this part of
the doctoral dissertation, is enclosed.

The final section of Chapter 4 presents the proposed lamination technique that ensures strong
hermitization of the cells. Also, the right adhesive materials, barrier foils and edge sealants are
described. The universality of this technique is proved by the effects of its application to three
different perovskite solar cell configurations (p-i-n with carbon, p-i-n with silver, and n-1 with
carbon) with large active areas (1 cm?). The high-performance flexible solar cell devices (0.18 x
0.13 cm?) retained more than 85% of their initial performance following a series of accelerated
aging tests based on industry standards (IEC 61215 and IEC 61646), which included 1400 hours
of moist heat, 50 thermal cycles, and 10 humidity freeze cycles. This result was a significant
breakthrough in perovskite solar cell stability research, since it provided a convincing evaluation
of feasibility evaluation for the long-term use of flexible perovskite photovoltaics in open air
conditions, exposed to the elements. A copy of the paper on ‘Encapsulation protocol for flexible
perovskite solar cells enabling stability in accelerated aging tests’ (DOI: 10.1002/eem?2.12434)

reporting this part of the study performed within the doctoral dissertation is enclosed.



Finally, in Chapter 5, the primary results obtained in this Ph.D. study are described in detail
together with their interpretation and predicted consequences in the research field of perovskite
solar modules. The dissertation concludes with many proposals for future work in the field of
perovskite solar cells and additional prospective advancements of the results have been provided.
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MOTIVATION

CHAPTER 1.

Climatic changes, conventional and non-conventional sources
of energy

The scientific world has faced many challenges in the search for solutions for improving the
current climatic situation. In order for a deeper understanding of this diverse phenomenon and the
synergy between human needs and nature, it is vital to address a few definitions. The climate is a
well-studied term as the average state of the ocean and the atmosphere scaled from several to a
million years, presented in the form of a statistical description with the help of statistical measures
as the average or variance related to meteorological parameters. Climate change is a result of
actions from natural (incoming solar radiation) or man-made activities (the greenhouse effect and
global warming). They could also be a result of internal climatic fluctuations. During the beginning
of the 21% century, the term ‘Global climatic change’ has been used to describe the context of
global warming which is a rise in the temperature of the earth’s surface due to the increase in the
concentration of greenhouse gases in the atmosphere along with other accompanying phenomenon
like changes in precipitation conditions and extreme weather conditions.?*! Global warming is
formed in the following manner: the earth is heated by the Sun which then radiates the heat back
to space as an infrared form of radiation. Several greenhouse gases such as carbon monoxide,
methane, etc. interact with this outgoing radiation, thus leading to a rise in the temperature of the
Earth’s surface. If it weren’t for the carbon dioxide in the earth’s atmosphere most of its surface
would be frozen. However, the amount of carbon dioxide required to keep the earth warm enough
for life support is much less compared to other gases.?? For 10,000 years the carbon dioxide levels
in the earth’s atmosphere have been fairly stable, but since new forms of energy generation from
oil, natural gas and coal were learned by humans, the amount of carbon dioxide in the atmosphere
exceeded these of conventional sources of energy. Since the industrial revolution started, the
carbon dioxide levels in the Earth’s atmosphere increased by 30% and as a consequence the
average global temperature increased by 2.2 degrees Fahrenheit.[?®l Burning fossil fuels not only
increases the earth’s temperature but also causes acidification of water thus endangering marine

life.[? These deplorable conditions of the Earth have accelerated with visible effects everywhere:
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the melting of ice sheets and glaciers and rising sea levels. The disappearance of Arctic Sea ice
along with droughts and fires are a cause of concern.? To counter these environmental problems
caused by human activity — The Paris Agreement was drafted.[®! It is a legal bound international
treaty based on climatic changes. Adopted by a stunning number of 196 parties at COP 21 in Paris
on the 12" of December 2016 and put into action on November 4, 2021, many different countries
including leaders of the world’s largest economies, took part in the meeting. The main goal of this
summit was to limit global warming to a value below 2°C and keep it at 1.5°C. This agreement
was meant to control climate changes and save humanity from the extreme climatic changes. Usage
of non-conventional sources of energy is one method to reduce carbon dioxide emissions to the
levels as denoted in the Paris Agreement. Therefore a tremendous opportunities for investments in
renewable sources of energy like solar energy, wind energy, geothermal, biofuel and
hydroelectricity have appeared.?®! In his book “How to Avoid a Climate Disaster — The solutions
We Have and the Breakthroughs We Need” Bill Gates has described the deplorable effects of
global warming. The extinction of flora and fauna along with natural disasters, floods, draughts,
and other unprecedented weather fluctuations are a few of the results of rising temperatures. This
could result in billions of human populations suffering from hunger and disease.?”! Gates didn’t
just write empty scripts but has clearly emphasized on the effects of climatic change on the human
and animal population. He clearly states in his book that renewable sources of energy are not just
a panacea for the needs of mankind but an important factor in reducing the carbon dioxide
emissions. For the survival of mankind everyone can start contributing for the planet’s safety by
installing ecological solar panels to help reduce harmful carbon dioxide emissions.?2 The
installation of photovoltaic (PV) panels is environmentally safe as there are no greenhouse
emissions or other harmful dust particles (e.g.: PM10), which are generated during fossil fuel
combustion. Additionally, PV modules are 96% recycled. This would mean that almost all the
materials used for fabrication of solar panels are recycled contributing to various branches of
economy, including new solar panels. These panels utilize solar energy i.e., solar radiation which
generates heat, in turn causing photophysical processes generating electricity. The amount of
sunlight striking the earth in 90 minutes is enough to satisfy the entire world’s energy consumption
for a whole year. When properly harnessed, solar energy can meet all future energy needs. Solar
installations not only effectively reduce carbon dioxide emissions but also oxides of sulphur,

nitrogen, carbon, and dust particles, leaving a significantly reduced carbon footprint. Photovoltaics
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ensure environmental safety by reducing emission of greenhouse gases and other air pollutants.
Solar energy usage has a positive direct impact on our ecosystem as it replaces or significantly
reduces the usage of other conventional forms of energy like coal, natural gas or crude oil which
deplete the quality of our environment. In a nutshell: the development of solar based energy
systems is vital for sustainable development!?® with its prognosis being optimistic. The modern
world that we know strives on different sources of energy to satisfy the man’s overwhelming thirst
for technology. Our use and knowledge of different sources of energy have grown tremendously
over the past few years. For the purpose of protecting life and nature on our planet, as well for
economic conditions, we must switch from fossil fuels to renewable sources of energy. These
sources of energy are also coined as non-conventional energy sources such as the sun (solar
energy), wind (wind energy), rivers (hydro power) and hot springs (geothermal energy), tides and
biomass (biofuels). There are abundant reasons to support the development of renewable sources
of energy (RES). In a few countries it is vital to search for alternative sources of energy (apart
from reduction of pollutant emissions and the release of greenhouse gases) due to growing
concerns about the safety of nuclear energy production. The annual increase in these renewable
sources of energy technology has been made easy due to technical installations to harness these
RES to satisfy humanity’s energy needs.[?) Undoubtedly, all non-conventional sources of energy
are clean and beneficial sources of energy, but solar energy is the most vital of all.

An important argument for the superiority over wind energy is its low cost. Wind turbines require
more maintenance than photovoltaic solar panels.*°! Moreover, wind farms are usually located in
remote locations with little or no access to the real consumers. The wind energy distribution
companies have imposed high fees over the years rendering their proposal unprofitable in recent
times. Furthermore wind energy is unpredictable as wind velocities often increase and decrease
which renders it less efficient than solar energy™!; the noise pollution from its turbines is another
issue. Compared to solar energy, the costs of setting up new hydropower plants are much higher
compared to setting up of solar fields/panels. Moreover, the construction of dams influences or
created changes in the ecosystem in the surroundings.**! Hydropower plants change the natural
course of rivers creating new lakes thus mitigating the natural flow of water. This impacts fisheries
as it changes the courses of fish migration by changing their natural habitats. In addition, the

hydropower plant functioning is influenced by seasonal fluctuations in the water supply.
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Photovoltaic panels, on the other hand, do not alter the environmental conditions and also save
installation space as it can be integrated to building roofs and other home-based systems.
Another source of RES is biomass. However, logistical issues and the overall energy consumption
challenge its advantages since a tremendous amount of energy is needed for harvest and
transportation of crops to the powerplant. The air pollution caused by burning of biomass is lower
compared to traditional fossil fuels. But still causes the formation of volatile organic compounds
like carbon monoxide and nitrogen oxide. Wood is the main source of biomass and an uncontrolled
consumption of this source of energy can lead to deforestation which can further lead to several
natural/man-made disasters like soil erosion, landslides, etc.*2 Solar technologies do not consume
land space that could be utilized for crop farming, building infrastructure, etc. thus rendering solar
based sources of energy more efficient than biomass.

Geothermal energy powerplants can be built in few selective locations only.*¥l Geothermal
powerplants need reservoirs above 100°C which are often found near the boundaries of tectonic
plates or hotspots. Furthermore, it is worth highlighting that these geothermal facilities have high
initial costs of construction which doesn’t render it a cheap source of renewable energy source.
Construction of geothermal power plants often involves deep drilling of the ground to free hot
waters trapped in rock formations, which further leads to instabilities of underground structures
often leading to earthquakes.*!

Another commonly known renewable source of energy is tidal energy. Similar to wind,
hydropower, and geothermal energy plants, tidal powerplants require high maintenance and initial
cost.®®! The potential sites for installation of tidal powerplants require specific conditions. The
powerplants generating tidal energy must be built on shorelines where the difference between the
high tide and low tide is large enough for turbine functioning. This reason itself makes this
technology not accessible abundantly. An elaborate statistical diagram displaying the power usage

of renewable sources of energy is displayed in Figure la.
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Figure la. Graph displaying power generation from different renewable sources of energy in
2020.M

Solar energy is the most abundant form of renewable, environmentally clean, and cheapest form
of energy. Installation of solar panels not only makes us save on electricity bills, but also makes
the option of receiving payments for excess energy available to us. Solar energy is used for a
variety of different purposes from generating electricity to heat. Thus, the utilization of solar
energy is a great way to fight climatic changes and make our homes and lifestyle more
environmentally friendly. Photovoltaics is becoming more and more popular as well as the lowest
energy source to generate electricity in many countries of the world. Solar energy showed the
second largest increase in absolute production of energy compared to all other sources of
renewable energies in 2020. In total a record of 133 GW of photovoltaics were installed worldwide
in 2020.561 Figure 1b displays the net solar energy utilization of the world from 2018-2020.
According to data from the International Energy Agency, China has the largest solar capacity in
the world, with 253 GW of installed solar capacity by the end of 2020 as recorded. The European
Union on the other hand has a record of 151 GW. Furthermore, photovoltaic installations can
smoothly function for over 100 years or longer and thus after its initial cost of setting up, the

operating costs of solar powerplants are extremely low compared to existing sources of energy."]
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The first silicon solar cell which paved the way for other solar technologies was built by Bell
laboratories in 1954. It was a giant milestone at the awakening of a new era which led to the
realization of one of the most cherished dreams for mankind: harnessing the limitless energy of
the sun for the sustainable growth of civilization.[*® Photovoltaic sources of energy convert the
radiation energy of sunlight into electrical energy using solar cell and store it in batteries. Various
materials and technologies have been explored to fabricate efficient solar batteries/panels. The
light striking a solar cell can be reflected, absorbed, or passed directly. A photovoltaic solar cell
consists of several semiconducting materials sandwiched between two metal electrodes. Materials
like semiconductors with appropriate bandgaps can absorb a certain spectrum of the sunlight and
convert it into electrical energy. This electrical energy is used to supply the electricity network.
The most commonly used PV technologies are silicon, perovskite, organic, quantum dot and
chalcogenide, cadmium indium gallium selenide (CIGS) and concentration photovoltaic (CPV)

technologies.%
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Figure 1b. Histograms displaying the net solar capacity of the world between 2018-2020.[1
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The research to improve the photovoltaic technologies to create more efficient solar panels is a
hotbed for scientists in the solar energy sector. In recent years, photovoltaic devices based on
perovskite materials have become one of the most promising topics of research in the field of
energy conversion. Organic inorganic lead halide perovskites have emerged as a propitious class
of materials for solar-based applications reaching efficiencies from 3.8% in 2009 up to 25.5% in
2021.[40441 peroyskite solar cells are distinguished by the advantages of an appropriate band
structure for harvesting sunlight, low exciton binding energies and long carrier diffusion
lengths.[**! However, it degrades under moist conditions reducing the shelf life of the devices.! !
Many different strategies have been implied to overcome the instability factors and many of these
approaches have proven to be multitasking, i.e., a single strategy or the addition of a single material
can augment many factors. Among the latest trends additive based engineering like the utilization
of Lewis acid/base moleculest*), interface layers (L) 8, surface modifiers®! or formation of
2D/3D interfacest ¥ have shown to augment the stability and enhance the efficiency of perovskite
solar cells. Utilization of colloidal free precursors for perovskite solutions have also been proved
to fabricate defect free perovskite absorber layers by controlled growth of perovskite films during
spin coating by controlling crystallization kinetics.®?5%  Utilization of novel electron transport
materials for efficient electron transport like perylene based molecules can also improve perovskite
solar cell efficiencies.®? These techniques have greatly shown to aid stability against moisture and
heat. Another method incorporated by researchers to make perovskite technology available for
industrial purposes is the development of different encapsulation strategies. Thermal resistance,
elastic modulus and chemical reactivity of different encapsulation/barrier materials can affect the
stability of perovskite solar cells.®® The ultimate goal of perovskite solar technology is the
production of solar cell modules that can produce electricity for real life events. A lot of strategies
are still to be explored to enhance the efficiency and stability of perovskite solar cells making the
growth and application of perovskite technologies in the near future optimistic.

This Ph.D. dissertation will be based on a cycle of scientific papers reporting scientific work on
studying the degradation mechanisms in perovskite solar cells and enhancing their efficiency and
stability along with a deep understanding of carrier transport mechanisms in them with the help of

different steady state and transient based spectroscopy techniques.
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THEORETICAL PART A

CHAPTER 2.

2.1 Brief introduction to semiconductors

Atomic orbitals divide into a large number of closely spaced levels when they are brought together
in a solid material with a periodic structure, creating a band-like continuity of energy states.’>*! The
main components of solar cells are semiconductor materials, and their band structure is divided
into two areas with a variety of electronic states. There is no energy state in the energetic gap that
separates these two locations. The bandgap of a material is the term used to describe this space.
In a semiconductor, electrons are mostly found in the bottom band, known as the valence band
(VB), where they have very little freedom of movement since there are a lot of states occupying
that space. An electronic transition to the upper band, or conduction band (CB), is feasible when
energy equal to or greater than the bandgap is applied to the system. Since fewer electronic states
are filled in the CB, electrons can freely travel between a large number of vacant states.

The Fermi level (Ey), also known as the electrochemical potential of the electrons, or the electronic
state where the probability of finding an electron is 50%, is located within the conduction band in
metallic materials, as opposed to semiconductors where it lies closer to the conduction or valence
band depending on the nature of doping i.e. n or p type .°®! In metals, the band structure frequently
creates an electronic state continuum with no discernible bandgap. As a result, electrons have a
high degree of freedom of motion and may be quickly stimulated between different states. Due to
the increase in density of mobile carriers, these materials often have high conductivity values and
are good heat and charge conductors. Insulators are substances that generally exhibit energy gaps
over 4 eV and have very poor conductivities. Figure 2a displays a schematic diagram of the energy
states for each of the three categories of materials. The Fermi level for each substance is shown by
the dotted line.
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Figure 2a. Schematic of the band energy diagram of a metal, semiconductor, and insulator.

Doping is the process of adding electrons or holes to a semiconductor to tune its electronic
properties i.e., having extra free carriers (electrons or holes in the conduction or valence band
respectively). The Fermi level is raised by adding electrons (n-type doping), bringing it closer to
the conduction band. On the other hand, p-type doping causes the Fermi level to move toward the
valence band. To raise the carrier concentration, doping is frequently employed in semiconductors
to change their optoelectronic characteristics and enhance their conductivities. Impurity atoms are
inserted into the crystal lattice by chemical doping. These atoms have the capacity to add extra
electrons or holes to the valence band or conduction band of the semiconductor, as appropriate.
The most common semiconducting substance, silicon (Si), serves as a classic example of chemical
doping. Silicon contains four valence electrons and is a group IV element. A modest concentration
of group 111 element atoms, such as boron, gallium, or indium, is added to this substance in order
to p-dope it. These elements increase the hole density or make the material electron deficient since
they only have three valence electrons. On the other hand, group V elements, like phosphorus, are
added to Si in order to n-dope it. These five-valence elements boost the electron density of Si,

essentially n-doping it, when added to the material.

2.2 Recombination mechanisms in semiconductors
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In semiconductors, the bandgap separates the conduction and valence band as reported earlier in
this thesis. When an electron possesses more energy than the band gap energy, it moves to the
conduction band and enters a metastable state leaving a vacancy or a hole behind in the valence
band. It would again move to the valence band to lose its energy to attain equilibrium and rejoin
the hole left behind. The electron and hole recombine with this process. In semiconductors, this is
referred to as electron-hole pair recombination or just plain recombination. Recombination
removes the unbound electrons and holes in semiconductors, establishing equilibrium and steady
state.

Many recombination pathways might contribute to the charge transport properties of
semiconductors. They could be free carrier bulk recombination mechanisms like Auger
recombination (at high carrier concentrations), quasi-monomolecular deep trap aided non-radiative
recombination (Shockley Read Hall recombination or SRH), radiative recombination and thermal
recombination. Additionally, it is typical in the literature to take into account the non-radiative

carrier recombination processes on layers’ surfaces independently.

2.2.1 Radiative recombination

An electron-hole pair (EHP) recombines with the emission of a photon in a radiative recombination
event as shown in Figure 2b. A hole in the valence band and the electron from the conduction
band recombine leading to this process. Radiative recombination, which involves the optical
processes of spontaneous emission, absorption or gain, and stimulated emission, is the radiative
transfer of the electron from the conduction band to the valence band. Direct-bandgap

semiconductor lasers are prone to this type of recombination.

2.2.2 Auger recombination

An exciton or an electron-hole pair (EHP) recombination and energy transfer from the recombined
EHP to a free carrier, which is subsequently stimulated to high energy inside the band, are the two
steps that make up an Auger recombination process as shown in Figure 2c. Impact ionization
refers to the inverse Auger effect in which an EHP is generated. In this instance, a high-energy

free carrier collides with the lattice and gives an electron in the valence band some of its extra
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kinetic energy, moving it into the conduction band. As a result, an EHP is created following the

incident.[®!

2.2.3 Shockley-Read-Hall (SRH) recombination

Electrons recombine with holes through defect energy levels (trap states) in the bandgap in a two-
step process known as trap assisted recombination as shown in Figure 2d. An electron is trapped
by the energy state in a forbidden area created by the defects in the semiconductor crystal lattice.
Electron-hole recombination occurs when a hole reaches the same energy level before the electron
is re-emitted into the conduction band. Shockley-Read-Hall (SRH) recombination is another name

for this form of recombination. Injection lasers utilize this kind of recombination process.

2.2.4 Surface recombination

Another kind of a SRH recombination is surface recombination which is also a form of non-
radiative trap assisted recombination. The surface is a significant disruption of the crystal lattice.
Dangling bonds are created on the surfaces of semiconductor crystal lattices and are exposed to
the environment shown in Figure 2e. Such exposed surfaces develop isolated sources of faults
after absorbing contaminants from the surrounding environment. The likelihood of non-radiative
recombination is increased by the large concentration of flaws on surfaces. Injection lasers with

cleaved facets have been developed to improve surface recombination in semiconductors. 7]

2.2.5 Thermal recombination

The lattice vibrations are necessary for a carrier to travel from one site to another if it is localized
because of flaws, disorder, or self-localization, such as in the case of polarons. The mobility of
hopping transport increases with rising temperature. Such hopping transport occurs when electrons
and holes recombine due to phonon induced lattice vibrations or thermal recombination as shown

in Figure 2f.
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2.3 Trapping in semiconductors

Through the recombination process, energy is released in the form of secondary electrons (Auger
recombination), photons (radiative recombination), phonons (non-radiative recombination), etc. A
carrier that has been captured on a localized state can follow two physical processes: it can be
released in the associated band (the conduction band for electrons and the valence band for holes),
or it can recombine with a carrier of the opposite sign if it is later captured on the same localized
state. Recombination in a localized state is the annihilation of the pair caused by the capture of a
second carrier with the opposite sign in the same localized state. The capture center is referred to
as a trap if the caught carrier is set free in the band. This capture process is referred to as trapping
and its release process is termed as detrapping.

The traps may be categorized using a variety of factors. There are two different types of traps
associated with charge carriers: traps for electrons and traps for holes. There are also two different
types of traps associated with the location: bulk traps and surface/interface traps. For trapping
centres, contaminants, point defects, surface states, dangling bonds, and localized tensions can all
be used. The trapping levels can also be found in the conduction band or the valence band, albeit
they are often found in the band gap. The traps present in the volume of the crystals, such as point
defects, extended defects like grain boundaries, impurities, and local tensions, dominate the
trapping phenomenon in bulk semiconductors. At the same time, the traps at the surface or
interfaces control these processes in nanocrystals. Due to the extremely high surface-to-volume
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ratio (on the order of 10% cm™), the latter is the case. The number of atoms at the surface or contact
is therefore in the same order of magnitude as the overall number of atoms. These atoms have the
potential to serve as a trap or a site of recombination, making the surface and interface of a
nanosystem crucial to the non-equilibrium processes. Adsorbed atoms or molecules, dangling
bonds, or internal tensions caused by twining or stacking faults of grain boundaries account for the
majority of surface/interface traps.

Shur and Hack created the Multiple Trapping and Release (MTR) model to explain the mobility
in hydrogenated amorphous silicon.[®! Later, it was expanded to include organic semiconductors
by Horowitz et al.®%% Although most of the carriers that are introduced into the semiconductor
are stuck in states that are concentrated in the forbidden gap, the model implies that charge
transport happens in extended states. If the energy level of these traps is close to the band gap’s
center, they can be deep; if they are close to the conduction or valence band, they can be shallow.

Figure 2g serves as an illustration of this.
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Figure 2g. Schematic of the band energy diagram of an organic semiconductor with shallow and

deep trapping energy levels.P!

According to the model, the carrier mobility is dependent on temperature, the energy level of the
traps, the carrier density, and therefore, the voltage supplied to a device.[’! Equation 2.1 displays
the drift mobility for one trap level with energy Eg.

#Dzﬂoaexp(_EtT/kT) 2.1
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where up is drift mobility, o is the mobility within the grain boundary, « is the effective overlap
parameter, Ey is the energy of the trap state, KT is the thermal energy.

The size of the semiconductor grains must be taken into consideration. The polycrystalline
semiconductor is defined as having borders with a high trap density separating trap-free grains.
The distribution of the traps can be thought of as uniform if their size is less than the Debye length.
Charges pass across the grain borders, nevertheless, if the grains are substantially bigger than the
Debye length. This happens via thermionic emission at high temperatures, and it is discovered that
the mobility is temperature dependent. At low temperatures, the charges may tunnel through the
grain boundaries, making the mobility temperature independent. Thermally triggered tunneling

controls charge transfer at intermediate temperatures.
2.4 Grain boundaries in semiconductors

It is commonly known that solution-processed perovskite films have boundaries between their
grains. For the charge carriers, these grain boundaries serve as trap centers. Due to lower activation
energies at the grain boundaries, ions prefer to pass through them rather than the bulk of
grains.®162 Reduced ion transport channels and non-radiative recombination result from
reduction of grain boundaries, which enhance power conversion efficiency and lower hysteresis. 6
A brief understanding of how grain boundaries assist in trapping of charge carriers in perovskite
based polycrystalline materials is stated in the next chapter.

Horowitz first addressed the semiconductor’s granular nature.®® His research makes the
assumption that the grain borders, where the conductivity is significantly lower than in the crystal
grain, are what restrict mobility. Inorganic polycrystalline materials, whose mobility is shown to
increase with the size of the grains, have already been examined for this behavior.l* Since the

borders and grains are linked in series, the mobility is best described as in Equation 2.2
1 1 1

I—41 2.2
L Up Hg

where g is the mobility in the grain, whose size is expected to be significantly bigger than the

border region, and y is the mobility at the boundary. A Schottky barrier that is back-to-back is
created between the grains. The current will be described differently depending on the temperature
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since tunnel transport may predominate at lower temperatures while thermionic emission

predominates at higher temperatures.
2.5 Fundamentals of solar cell operation

A solar cell is defined as a device that absorbs light (typically, a semiconductor) that is linked to
an external circuit while maintaining electrical asymmetry to allow for the extraction of carriers
produced by photoexcitation. It functions like a diode in the dark, only allowing electricity to flow
in one way. When a semiconductor is illuminated, photons with energies above its bandgap are
absorbed, causing the electron to move from the valence band to the conduction band. The exciton
is an electron-hole pair formed when a hole is made in the valence band and the excited electron
is held by the electrostatic force. The dielectric constant of the semiconductor determines the
intensity of the electron-hole attraction, or binding energy, which differs between different
materials. The exciton can dissociate, and electrons and holes can be removed due to built-in
asymmetry (difference in electron affinity of neighboring layers). This asymmetry can be achieved
by specifically doping one material into p-type (electron-deficient) and n-type (electron-surplus),
resulting in a p-n homojunction, or by sandwiching an inherent semiconductor between n-type and
p-type materials (heterojunction). When p-type and n-type materials are combined, the difference
in electron concentration forces carriers to migrate in order to restore the balance. Carriers first
diffuse towards the contact and recombine, generating a depletion area. When electrons (and holes)
migrate, they leave the core ions (negative in p-type materials and positive in n-type materials)
behind, resulting in an electric field in the junction. The greater the doping density, the more
electric field is generated, resulting in a greater built-in potential Vbi. The magnitude of Vy,; is equal
to the difference between two semiconductors’ Fermi levels. When illuminated, the density of
carriers increases, disrupting thermal equilibrium and splitting a Fermi level into two quasi-Fermi
levels.[55]

The current-voltage (1-V) characteristics of a solar cell in Figure 2h describes its operation. The
current created when two terminals are linked is known as the short circuit current (Isc), and it
occurs at the intersection of the I-V curve and the Y-axis. When the circuit is open and the current
flow is zero, the voltage is known as the open-circuit voltage (Voc), and it is an I-V intersection

with the X-axis. According to the Ohm’s law (V = IR), during typical operation on a load with
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resistance R, the voltage can fluctuate between zero and Voc and the current can vary between
zero and Isc. Because current levels are directly proportional to the active area of the illuminated
device, current density Jsc is frequently used and is expressed in mA/cm?,

The spectrum of the incoming light and the bandgap of the absorber both affect how much current
is produced. The electron can only be promoted to the conduction band and made accessible for
extraction by light with energy equal or greater than the bandgap. Therefore, in order to convert
light into current, the material’s bandgap needs to be appropriate for a certain light spectrum.
The energy difference between the extracted electron and hole’s quasi-Fermi levels, and therefore
the absorber’s bandgap, determines the voltage of a solar cell. It is always lowered in actual
circumstances by non-radiative recombination mechanisms. The defects in the lattice and on the
grain boundaries of a polycrystalline absorber are a prominent source of this recombination,
therefore the film’s quality is critical for maximizing the device’s performance.

The solar cell's power is the product of voltage and current and the Maximum Power Point (MPP)
refers to the point on the curve when it achieves its highest value. This value is always lower than
the theoretical maximum that a functional solar cell might attain with maximum voltage (Voc) and
current (Jsc). The percentage variation from the theoretical maximum is known as the Fill Factor
(FF). The most essential measure characterizing the performance of a solar cell is power
conversion efficiency (PCE), which is a ratio of the device’s power density to the incident light
power density. 55!

The power conversion efficiency is proportional to the number of photons absorbed and the
spectrum of input light flux. To standardize the measurements of solar cells, a constant solar
spectrum reference is constructed that represents the solar spectrum at ground level for mid-
latitude locations at a sun zenith angle of 48°. It was determined for an annual average at mid-
latitudes and is known as an Air Mass 1.5 spectrum (AM 1.5). Similarly, the standard irradiance
is considered to be 100 mW/cm? on average. Figure 2i depicts the standardized solar irradiation.
It is vital to remember that each solar cell uses a certain portion of the spectrum based on its
bandgap. Combining two separate materials with shifting absorption onsets to create a tandem cell
is an intriguing method for extending the spectrum of absorption. A higher amount of light may
be absorbed in this manner, resulting in a higher current generation. The extraterrestrial spectrum,
atmospheric influences, and the AM 0 and AM 1.5 spectrum will be discussed in the next section

of this chapter.
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cell i) standardized solar irradiation.®!
2.6 Mechanisms for atmospheric absorption of sunlight

The two major mechanisms involved which cause absorption in a gas molecule are:

e The electron gets excited to a high atomic/molecular shell (shell transitions). In atoms and
simple molecules, the atomic shells possess distinct energies, narrow absorption lines are
mostly caused by shell transitions.

e The photon can cause parts of molecules to vibrate or rotate in different manner (rotational-
vibrational transitions). The more complex the molecular structure is, the more ways it can
rotate and vibrate with hardly distinct energies (in comparison to electronic transitions),
thus the formation of broad absorption bands.[%®! The different regions of absorption in the

electromagnetic spectrum of sunlight are:

2.6.1 Ultraviolet (UV) range

At very short wavelengths photons bear a large amount of energy Epn. They get absorbed by shell-
transitions in simple molecules and thus the energy levels are strongly bound (i.e., their atomic
shells are energetically far apart from each other). Molecules like hydrogen, oxygen, and nitrogen

are quite abundant and thus the atmosphere stays opaque below 300 nm.
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2.6.2 Near UV range

In this range the heavier and less bound molecules come into play. The molecule which absorbs
most of the sunlight is the ozone layer (Os). Because of its complicated structure, a broad range of
shell transitions are possible in ozone’s molecular structure.l’] Thus, this molecule plays an
important role in the broad wavelength range of 230-290 nm. Thus, ozone plays a significant role

in the amount of UV light reaching the earth’s surface.

2.6.3 Infrared (IR) range

At long wavelengths the photons have a small Epn, and they are unable to excite the electrons to
higher shells. However, they can cause changes to rotations and vibrational states within the
asymmetric molecules like water and carbon dioxide leading to broad absorption bands. Thus, the
atmosphere is completely opaque beyond the near-IR (NIR) end in the visible spectrum even down

to radio frequencies.

2.6.4 Visible (Vis) range

At wavelength range of 380-780 nm, the photons have neither too high Epn to cause
vibrational/rotational transitions nor possess enough energy to excite electrons to the higher
electronic states. A small amount of light thus gets absorbed in this region allowing for an

atmospheric window in the visible range.
2.7 The air mass (AM)

Both absorption and scattering processes depend mostly on the length determining the path of
sunlight through the atmosphere and the angle of elevation of the sun above the horizon. When the
sun is closer to the horizon, the light passes through more air particles within the earth’s
atmosphere. When the sun shines at an angle of 90° above the earth’s horizon- from the zenith-
the light goes by definition of optical AML1 or air mass 1. When the sun makes an angle z with the
earth’s zenith (or forms an angle h with the horizon) the airmass is set to be higher: and by first
approximation, assuming the earth is flat, we obtain AM from the Equation 2.3. In Figure 2j, the

schematic of the elevation angle of the sun with the earth’s horizon and the zenith is shown.
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AM =L =1 2.3

cos z sinh

Figure 2j. Schematic showing the air mass dependence on the sun’s elevation angle with the earth’s

surface.l]

This Equation 2.3 holds valid at h>10°, thus applicable for most photovoltaic applications. At
lower angles, however it matters the earth’s round shape and that the light path from the sun is
refracted within the atmosphere’s vertical density profile. The presence of gases like water vapour
also affects this phenomenon near the earth’s surface while gases like ozone affect this
phenomenon at high altitudes. Figure 2k shows the air mass versus the Earth’s zenith at different

elevation angles.
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Figure 2k. Air mass versus the zenith at different elevation angles.!

2.8 The Extraterrestrial (AMO) solar spectrum

The energy of sunlight is distributed across wavelengths or the equivalent photon energy. This
could help in understanding why particular kinds of solar cells have good performances at shorter
wavelengths than longer wavelengths and vice versa. Thus, the total radiation energy alone is an
insufficient measure for solar cell characterization. The energy from the Sun’s spectrum is called
spectral irradiance. Figure 2l displays the spectral irradiance of the sun over the photon
wavelength.[%8] This was measured above the top regions of the earth’s atmosphere (navy blue
outline). Different colors of the visible spectrum are also indicated. This spectrum shown in Figure
2l is called the AMO spectrum which stands for air mass zero, which depicts that the spectrum was

measured with no air between the sun and the receiving body.
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Figure 21. Graphical representation of the variation of solar spectral irradiance versus photon
wavelength for AMO spectra.l”]

2.9 Intensity or photon flux

The amount of solar radiation can be quantified in two different ways a) light intensity b) photon
flux. In photovoltaics, we normally use either.

e Lightintensity: It is also called the irradiance, which is the energy per area per time usually
in [W/m?] or [mW/cm?]

e Photon flux: It is the number of photons per area per time in [cm™s™]. It is much more
convenient to quantify photon flux Npn in equivalent units of the electric current, Jpn = g.Nph
[mA/cm?], because Jpnis equal to the current that the solar cell could generate if it converted
every photon into a free electron-hole pair.

Figure 2m and Figure 2n display the AMO spectra plotted as photon flux as a function of photon
wavelength and photon energy respectively.
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Figure 2. Graphical representation of m) spectral photon flux of AMO spectrum vs photon

wavelength; n) spectral photon flux of AMO spectrum vs photon energy.’]

From Figure 21 and Figure 2m we observe that the IR spectrum contains a larger number of
photons as compared to other spectral regions. More than half of the photons in the solar spectrum
lie in the IR. This is because the photons bear lower energy in the IR than the blue region. This is
quantified according to the Equation 2.4

E =hw = hc/A 2.4
where E is the photon energy [eV], vis the photon frequency [s], w is the photon angular
frequency 2mv [s1], 4 is the wavelength, ¢ is the speed of light (3 x 108 m/s), h is Planck’s constant
(4.13566733 x 10° eVs), and “h” is the abbreviation for h/2x.

Thus, it is observed that per given radiation energy, there are more photons in the IR spectrum than
there are in the blue part of the spectrum. The presence of more photons in the IR range of the
solar spectrum has an important impact on different photovoltaics. For example, an improvement
of the IR absorption of a silicon based solar cell greatly enhances its photogenerated current as

silicon-based cells absorb IR photons weakly.

2.10 The global standard spectrum (AM1.59)
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Due to the variations in the terrestrial spectrum, a reference spectrum will display some
arbitrariness. To consider the standard spectrumf® [ which could represent as many PV
applications as possible, the standard spectrum is not derived from a particular measured spectrum,
but is calculated from the reference AMO spectrum under representative conditions of the
atmospherel’!l. These conditions have been established from an analysis of a previous reported
work in the United States’? and are given as follows:

e The air mass is 1.5 with the sun at about 41° above the earth’s horizon.

e The solar cell is at a tilt of 37° from the horizon (i.e., the sun shines at a given angle of
11.2° from the normal vector of the cell.

e The cell lacks an optical concentration system, i.e., the cell faces the hemisphere including
the ground surrounding it (light sandy soil); a spectrum including the blue sky and the
surrounding ground called the global spectrum, thus called AM 1.5g.

e The measurement site is at sea level under standard pressure (1013.25 millibars).

e The atmospheric conditions follow a U.S. standard atmosphere, which represents for
geographical mid latitudes; but

e A higher carbon dioxide level is taken into account.

e The haziness-which is typical in the United States on a clear day is tuned (to a turbid value
of 0.084 at 500 nm) so

e The total irradiance is at 200 mW/cm?,

This AM 1.5g global standard spectrum is a good representation of the illuminative conditions as
observed on a tilted PV flat plate array on a cloudless day around noon in the geographical mid

latitude locations and is neither too blue nor yellow.

Keywords: Semiconductors, atomic orbitals, energy states, bandgap, Fermi level, degree of
freedom, doping, grain boundaries, tunnel transport, trapping, polycrystalline, Debye length,
exciton, thermionic emission, recombination, Shockley Read Hall (SRH) recombination, electron-
hole pair (EHP), depletion area, junction, quasi fermi level splitting, absorber, light flux, air mass
(AM), solar constant (S), irradiance, photons, wavelength, infrared (IR) spectrum, density of states

(D), occupational probability (f), vacuum, absorption.
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THEORETICAL PART B

CHAPTER 3.

3.1 Brief introduction to perovskite based semiconductors

Metal halide perovskites have developed as a new class of materials for extremely efficient solar
cells in the last decade, with a power conversion efficiency of 25.7%.173174 Long carrier diffusion
lengths, high carrier mobilities, low exciton binding energies, high absorption coefficients, and
band gap tunability via precursor component interchanges are all intrinsic benefits of perovskite
photoactive materials that contribute to high power conversion efficiencies.>4 Another
significant advantage of these materials is the ability to manufacture thin films at low temperatures
using solution-based processing. It offers low-cost production on flexible polymeric substrates
using high-throughput roll-to-roll manufacturing.[’>! Perovskite solar cell (PSC) technology is
expected to account for 29% of the worldwide PV industry by 2030.

Apart from high PCE values, research groups around the world are now stabilizing at nearly 20%,
which is good enough value for perovskites to enter the commercial market. Since the efficiency
goal is being fulfilled, the scientific community is now striving to achieve four other objectives for

commercializing PSCs with competitive silicon technology.

e Cost
e Stability
e Upscaling

e Environmental impact
Given the tremendous progress in the past decade with numerous research teams worldwide
striving to achieve a similar goal, it’s only a matter of time before commercial perovskites solar
devices become a reality. This Ph.D. dissertation is aimed at developing a promising perovskite
solar cell device architecture focusing on novel and impurity free routes of perovskite layer
fabrication, understanding perovskite degradation mechanisms, efficient interfacial engineering
for good carrier extraction, novel charge transport materials for better efficiencies, and

development of robust encapsulation strategies for paving the way of PSCs to the industrial level.
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3.2 Origin of perovskite solar cells

Organic-inorganic hybrid perovskites (OIHPs) are the most studied class of light-harvesting
perovskite materials due to their unique properties of high absorption coefficient, long carrier
diffusion lengths, effective bandgap tuning, and high tolerance to electronic and structural
defects.[*34576-911 Since the year of 2009 there have been tremendous developments in improving
the power conversion efficiency (PCE) of perovskite solar cell devices, which has now reached a
value of 26%.140-44192 Solar technologies utilizing light harvesting semiconducting materials such
as cadmium-telluride (CdTe), copper indium gallium diselenide (CIGS), gallium arsenide (GaAs,)
and copper zinc tin selenide are mostly covalent bonded between their atoms in the crystal lattice,
whereas the perovskite lattice comprises of mostly ionic interactions although some covalency
exists due to lower electronegativity of the heavier halides.!® The first perovskite/Dye synthesized
solar cell (DSSC) came into the laboratory by a Japanese research group led by Professor Miyasaka
who introduced methyl ammonium lead iodide (CHsNH3Pbly) as a dye sensitizer on a
mesostructured titanium dioxide (TiOz), achieving a PCE of 3.8%, which was a stepping stone for
the perovskite research industry.[*l Another research group led by Professor Nam-Gyu Park
reported the PCE of 6.5% soon after.?®1 However, for the DSSC community, the traditional iodine
based liquid electrolyte used in the architectures was led to the dissolution of the photo absorber
material, which further led to the rapid degradation of the solar cells. A few years later another
research group led by Professor Kanatzidis reported a dramatic improvement in the PCE of DSSC
by replacing the liquid-based electrolyte with CsSnls as the hole transport material (HTM).[°®! This
was the first perovskite based solid-state DSSC.[®®! This solar cell reached a PCE of over 10%
which was a significant improvement for the DSSC community. Another major breakthrough was
by a research group in Oxford, when the liquid electrolyte was replaced by spiro-OMeTAD as
HTM which eliminated the rapid degradation in the DSSC solar cells as reported by Miyasaka
earlier.*3831 The Oxford group reported an additional groundbreaking discovery by replacing the
mesoporous TiO: film with an insulating Al.Oz scaffold, which further improved performance
results. This was a proof that perovskites were capable of ambipolar charge transport over longer
distances (which exceeded the material’s absorption lengths). Thus, the presence of a mesoporous
TiO2 film for charge extraction was not essential.*®! These findings paved the way for the
development and realization of perovskite-based thin film architectures. These scientific findings
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also diverted the research progress to perovskite solar cells from DSSC and organic photovoltaics
(OPVs). The following sections will contain elaborate and straightforward explanations of the
structure of perovskites, their processing techniques and also review the challenges of these

materials for commercialization.
3.3 PerovskKite properties, types, and the tolerance factor

Methylammonium lead iodide (MAPI) based perovskite structures (MAPDI3) have remained one
of the most intensely researched photoactive perovskite structures, and thus have remained a
standard example of a perovskite crystal structure being a model compound.>7 Similar to most
of perovskite structures used for photoenergy conversion, there were three major components: the
monovalent cation, a divalent metallic cation and halogenic based anion (I7). The structure was
first defined by Victor Goldschmidt in the year 1926.°%1 These photoactive perovskite structures
have also been known to show piezoelectric and ferroelectric properties and superconductivity at
high temperatures owing to their crystal structure. In order to construct a perovskite crystal, the
constituting ions must fulfil certain requirements regarding their charge and sizes. These

parameters form the Goldschmidt Tolerance Factor as shown in Equation 3.1.1%

_ rat+ry
B V2(rg+ry) 3.1

Where t is the tolerance factor, ra is the cationic radius, rgs is the divalent ion radius and rx is the
radius of the halogen anion. In the ideal case the structure mostly depicts a cubic symmetry which
corresponds to a tolerance factor of 1. To satisfy this condition, the A site must be larger than the
B site. Rhombohedral, orthorhombic, and tetragonal structures are also formed depending on the
ionic sizes constituting them. These crystalline phases of perovskite crystal structures make a
strong impact on the optoelectronic properties of perovskites especially that of photoactive lead
halide based perovskites. As these crystalline phases are temperature dependent, the same
perovskite crystal can exist with different symmetries depending on thermal factors.[*% The
different types of synthetic perovskite structures currently being used for optoelectronic research

are classified as follows!01:
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3.3.1 Cubic (3D) perovskites

Their general formula is defined by ABX3 where A and B are cations as shown in Figure 3a. They
are normally defined in terms of the BXs octahedra sharing all corners infinitely in all three
dimensions making an ordered and symmetric structure. The A site cations occupy each hole
created by the BXe octahedra making the A site cation a 12-fold Oz coordination and the B site
cation a 6-fold oxygen coordination. In the example shown below of MAPDI3, the MA atoms sit
at the 12 coordinate A site, while the Pb atoms occupy the 6 coordinate B sites.

3.3.2 Double perovskites (3D)

These perovskites are named as its unit cell is double that of a perovskite crystal. It preserved the
same architecture of the 12 coordinate A sites and 6 coordinated B sites, but with two atoms
occupying this site. An example of this structure as shown in Figure 3b is Sro2FeMoOs. Here the

Fe and Mo atoms display an ordered 3D chessboard fashion.

3.3.3 2D (Layered perovskites)

When the A site cation becomes substantially larger than the space between the octahedra, it will
violate the Goldschmidt Tolerance factor forming crystals consisting of thin slabs surrounded by
large organic spacer molecules as shown in Figure 3c. These materials are generally called as
layered perovskites and belong to the Ruddleson-Popper (RP)1% or the Dion-Jacobson (DJ)
phase.l*% The general formula which describes RP2D is (A)2A’n-1MXsn+1, Where A represents the
large monovalent organic cation (ending with the amine group of NHs), acting as organic spacer
between the inorganic octahedral slabs.[*%4l In case of the DJ phase, the organic spacer is ended by

amine groups on both sides and their formula is given by (A)A’n-1MXan+1.
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Figure 3. Schematics of perovskite structures a) cubic perovskites b) double perovskites c) layered

perovskites.l!
3.4 Electronic properties of perovskite based semiconductors

Thin film technology based gallium arsenide (GaAs) solar cells is one of the highest existing state-
of-the-art efficiency for photovoltaics.*%! Could metal halide based perovskites compete against
such technologies? From density functional theory (DFT) simulation studies it has been observed
that in case of a methylammonium lead iodide (MAPI) based perovskite structure, the [Pblg]*
octahedral framework dominated the energetic levels close to the band edge.[*%! The A site cations
mainly control the tolerance factor and structural stability of the perovskite crystal structure, thus
contributing mostly to the physical properties of the crystal structure.l*®! However the nitrogen
atom in the MAPI structure has been reported to have certain influence on its electronic
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properties.[*%! However, the valence band minimum (VBM) consists of strong Pb s orbitals and |
p orbital antibonding character, and the conduction band consists of Pb p orbitals as shown in
Figure 3f, showing superior optoelectronic properties compared to the indirect bandgap based Si
technology, depicted in Figure 3d.11%1 In GaAs, the VBM is mostly constituted of a p orbital and
the conduction band minimum (CBM), constitutes of a s orbital as shown in Figure 3e.['% The
conduction band of perovskites have a greater advantage over GaAs, Si and other thin film
technologies in absorbing a large amount of radiation in the visible spectrum due to the presence
of p orbitals as shown in Figure 3g.
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Figure 3. Schematic of energy band diagrams of different generation solar cells d) 1% Generation
e) 2" Generation f) Halide Perovskites and g) The photon energy-dependent absorption
coefficients of the most common semiconductor materials used in solar cell applications. Adapted
and reproduced with permission from Copyright 2015 Royal Society of Chemistry™® and 2014

American Chemical Society[*!]
3.5 Role of the halide ion

Direct bandgap semiconductors have beneficial effects in applications for photovoltaic materials.

Due to different sizes of halide ions fitting the lattice, the size of unit cell can be varied in a broad
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range, which in turn results in a varied bandgap values like 1.5 eV for pure iodides. This property

of metal halide perovskites allow flexibility in tuning their bandgap for a broader absorption of

solar radiation for different optoelectronic purposes.l*%! This is due to the contribution of the lead

iodide octahedra which has a strong influence on the perovskite’s optoelectronic properties. A

replacement of the halide ion can alter the unit cell size and thus alter the bandgap. It was studied

that if the requirements of phase stability can be modified, the onset of absorption could be met

with ease.l1°I1101 Noh et al. studied that with the replacement of iodine by bromine atom in

MAPDI3 to MAPDBTr3, there is a contraction of the unit cell structure, increasing the band gap of

the perovskite material, which are in line with the Vegard’s law.'012l The change in the

absorption coefficient of MAPb(IxBrix)3 systems as function of its composition is shown in Figure

3h.
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Figure 3h. The variation in the absorption coefficient of MAPb(IxBri-x)3 systems as a function of

the composition. Adapted and reproduced with permission from Copyright 2015 Royal Society of

Chemistry*?
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With the halides ion’s reduction in sizes, the band gap increases in these materials, making this
class of materials as an interesting applicant for both single and multi-junction photovoltaics, and
also as light emitting diodes. Besides, the versatility in bandgap this halide ion tunability also
enabled fabrication of perovskite solar cells in a wide range of colors. However, the tuning of
halide anions can lead to halide-based segregation which could lead to depleted absorption
properties of perovskites by affecting the phase stability and can be further managed by
implementing larger cations in the A site like cesium, which will be mentioned further in this

thesis.113]

3.6 Role of the cation

The role of cations in influencing the electronic properties of the perovskite structure is still being
studied. However, they affect the perovskites’ solubility during the fabrication process. The
smaller sized monovalent cations are easily soluble in strong polar solvents, and their halide
counterparts assist in the complexation of lead-based ions.[***l The cations help in defining the
geometry of the lattice, which helps scientists to engineer perovskites in order to achieve certain
selective properties. When methylammonium (MA) cations were exchanged by formamidium
(FA) cations, a redshift in the absorption onset was observed.[*** The bandgap of the perovskite
semiconductor was also tunable by replacing MA with FA cation, leading to an improved short-
circuit current. The thermal and light based stability of the perovskite structure above 1000 hours
in a controlled atmosphere was also achieved by a double cationic structure incorporating cesium
and FA cations replacing the MA cation based perovskite which degraded above 100°C.[¢] These
cells with proper encapsulation strategies fulfilled IEC-61215:2016 heat damp, thermal recycling,
and humidity freeze tests.[''”] This work shall be discussed in detail in one of the manuscripts
published in chapter 4 of this thesis. Apart from MA and FA cations, passivants such as Rb*™ and
K* can be also incorporated in halide perovskite for enhanced efficiencies.['812%1 Addition of
organic cations with longer chain amines can result in formation of 2D structures, Ruddleson-
Popper (RP) or the Dion-Jacobson (DJ) phase.*?*! By tuning the stoichiometry of such perovskites,
the bandgap, stability and conductivity of these materials can be changed. In p-i-n structured

perovskites, such modification of the hole transport layer (HTL) by fluorinated bulky organic
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cations like fluorinated phenyl-ethyl ammonium iodide (FPEAI) and phenyl-ethyl ammonium
iodide (PEAI) can lead to a formation of 2D/3D perovskites which has been known to improve
HTL/perovskite interface leading to greater stabilities and higher efficiencies.[*?1[8 A detailed
work on such 2D/3D interface passivation for attaining high stabilities under light and heat induced

stress will be mentioned in chapter 4 of this doctoral thesis.
3.7 Perovskite processing techniques

This section of the chapter will discuss more on the laboratory-based fabrication of perovskite thin
film layers. The deposition of perovskite thin films grown from solution processing routes is
followed by a crystallization phase which greatly impacts the performances of the solar cell. Being
a facile process, it can occur spontaneously in the presence of a precursor.® However, to achieve
desired properties in the material requires a deep understanding of the system and a wide range of
contributing factors which leads to its evolution. Different methods of perovskite deposition

methods will be described here.
3.7.1 Evaporation

This deposition technique involves both one and two step techniques. This method is carried out
by placing the different precursors into separate crucibles in a sealed chamber and then heating
them up to their sublimation temperature at high vacuum conditions as shown in Figure 3i. The
vapor of precursor materials then condenses and reacts with the substrates which are fixed at a
given distance from their sources leading to the formation of compact perovskite films at low
temperature conditions. A major advantage of this technique is that of its intrinsic additivity - that
a wide combination of materials can be incorporated into the stack, without the requirement of an
orthogonal solvent as required in a solution-based process which will be discussed in detail below.
Perovskite films grown by this technique are generally uniform and smooth which provides a
reliable approach to perovskite thin film processing.[*®l On the other hand, this process relies on

high vacuum conditions and high maintenance cost, rendering it cumbersome.
3.7.2 Chemical processing techniques
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From all of the perovskite fabrication approaches, this technique is a low cost and low temperature
based method for perovskite processing.[*® These approaches can include a two-step fabrication
techniquel'?21%1 solvent variationt**1%1 and processing temperature of perovskite precursors™?4,
formation of solvent-coordinated intermediates!®®!, additive addition to perovskite
precursorst*?8i1%8] - perovskite film post treatment techniques.l*2”1281 A detailed schematic in
Figure 3j displays the spin coating steps which is a wet bench based technique used to fabricate
perovskite solar cells for the experimental part of the thesis. A deep understanding of all the
mechanism is still being widely researched. To be able to control perovskite film nucleation and
growth on a wide range of substrates is a key factor to achieve highly compact and crystalline films
of larger grain sizes.[*? The process of nucleation is a stochastic process i.e., two similar systems
will undergo nucleation at different time intervals. Growth of crystalline perovskite films on a
substrate is a heterogeneous nucleation growth process as nucleation occurs via a substrate. This
again depends on a large number of factors such as composition, concentration and precursor
solution solvent°131 and jts temperature of deposition®®? chemical structure of the
substrates**®, etc. To understand this nucleation and grain growth process for producing high
quality crystalline films, the La Mer’s model as shown in Figure 3k is adopted to study underlying
mechanisms of spin coating and other wet chemical processing techniques for perovskites.[*34
According to this model, the perovskite solution upon drying reaches the critical concentration
(CC), where many nuclei begin to form and grow. As long as the solution concentration is above
CC, many new nuclei form and grow along with old nuclei. Now when the rate of evaporation of
the solvent is slower than the solute consumption the processes of nucleation ceases but the nuclei
continue to grow in size until the solution reaches a concentration called the saturation
concentration (CS). The nuclei generation and growth further resume again once the perovskite
concentration is reaching CC. This cycle repeats itself once all the time till all solvent molecules
have been evaporated. This repetition of nucleation and growth cycles can lead to the crystals of
perovskite aggregating in a three-dimensional fashion thus leading to a rougher film growth. Given
the perovskite precursor solvent is evaporated very fast or exchanged by an antisolvent, the
nucleation will occur once and thus lead to smoother films.

Anti-solvent engineering (ASE) or solvent-solvent extraction (SSE) is a very commonly used
technique used to generate smooth, dense, and uniform films for the one step spin coating process

through rapid solvent exchange processes.!*3>%1 Gas blowing fabrication, gas pumping and gas
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flow induced gas pumping (GGPM) are some reported methods of fabrication high quality smooth
perovskite films.[¥7-13%1 A few of these techniques like ASE and gas blowing have been utilized
in the experimental part of this Ph.D. thesis to fabricate highly crystalline and smooth films for
high power conversion efficiencies. Although these techniques help in the uniform growth of films,
the rapid quenching by gas blowing and ASE techniques can reduce the solubility of perovskite
precursors rapidly and can lead to uncontrollable grain sizes and density. Thus, a much deeper
research and understanding is needed. According to the classical theory of nucleation, one can
control the growth and behavior of nuclei in the precursor solution during perovskite film
fabrication.}*ll141 The Gibbs free energy (AGc) after nucleation occurrence and the critical radius
(rc) determine if the nucleus will be dissolved or formed during the nucleation process. The r¢
depends on the temperature, surface energy and the degree of supersaturation with temperature as
the most important factor. To attain nucleus growth, constituent molecules of a perovskite solution
should overcome the AGc which like the rc depends strongly on the temperature as seen in
Equation 3.2 and 3.3.

T, ¢ (AT)™?! 3.2
AG, o< (AT)™? 3.3

The AT is the difference of solid-liquid equilibrium temperature and the surrounding temperature.
As the temperature increases, both the rc and AGc increase, and thus fewer nuclei are formed. The
formation of these nuclei into large nuclei and further to larger crystals are given by Equation 3.4.

n =ngexp L/6T 3.4

where, n represents the number of crystals in the system, n is the number of nuclei, L is the crystal

size of the film, G is the growth rate of the films and T is the residence time of the process.
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Figure 3. Perovskite film processing techniques i) co-evaporation j) spin coating with anti-solvent
dripping technique k) La Mer’s diagram for supersaturation. Adapted and reproduced with
permission from Copyright 2013-2014 Nature publishing, 2018 ACS Nano!*31]

Apart from the aforementioned factors a few other factors strongly contribute to the crystallization

kinetics which need to be kept in mind like physiochemical nature of the antisolvent, extrusion
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speed of the antisolvent and application times of the antisolvent. High performance solar cells have
been fabricated with antisolvents with different physiochemical properties: like polar solvents like
ethyl acetate and non-polar solvents like toluene, leading to high quality perovskite films.[!%!4?!
Boiling point variations in anti-solvent did also not affect the performance of perovskite films. For
example both diethyl ether (low boiling point) and chlorobenzene (high boiling point) help to
fabricate high performance perovskite films.['**»1%*4) Majority of solvents do not work as anti-
solvent as they are not miscible with the precursor solvent or do not dissolve the organic iodides,
thus leading to poor solar cell devices.!'*! Recently Taylor et.al reported that anti-solvents fell into
three categories''®: ones favouring short application times (type 1), one being unaffected by the
application time (type 2) and ones favouring long application times (type 3) as shown in the
schematic of Figure 31.

Type 1 anti-solvents were: ethanol, butanol and iso propyl alcohol.

Type 2 anti-solvents were: ethyl acetate, chlorobenzene, butyl acetate and anisole.

Type 3 anti-solvents were: diethyl ether, xylene, toluene and mesitylene.

Finally, the extrusion speed of the anti-solvent from the pipette tip also plays an important role in
the formation of smooth perovskite films. As shown in Figure 3m, the anti-solvent in a 1000 pL
pipette tip was at a closer distance to the substrate than the 250 pL for a fixed volume. Thus, the
travel time of the anti-solvent in the broader pipette is faster than that of the narrower pipette.
However too slow or too fast extrusion times can lead to washing away of solvent too late or too
early respectively thus leading to non-uniform nucleation and poorer perovskite films. A uniform
extrusion rate of the anti-solvent helps achieving uniform nucleation throughout the sample and

thus lead to high performance solar cells.
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3.8 Perovskite device operation
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When an incoming photon hits the photo absorber layer which is the perovskite material in the
solar cell, it is absorbed by the layer depending on its energy and the bandgap of the perovskite
material. If the absorption process is successful, it generates free carriers within the perovskite
material. The electrons generated with a negative charge will leave a positively charged hole
behind. This electron and hole bound together strongly by a coulombic force leads to the formation
of an exciton. In order to produce current, these excitons need to be dissociated and to be
transported to their respective contact electrodes. Perovskites are known to possess a high enough
dielectric constant which is further increased upon illumination.!*46] The exciton binding energies
at higher dielectric constant values are lowered. The generation of such free carriers has also been
supported by the absence of excitonic peaks in the absorption spectra of halide based perovskite
structures. However, one can observe such excitonic peaks in lower dimension perovskite. Only
at lower temperatures around 100K an exciton peak in such halide perovskite structures were
observed.*% Once the free carriers have been generated, they travel through the perovskite bulk
material to reach their respective electrodes.**”1 This could happen with the help of two
mechanisms: drift, where the carriers are transported in the presence of an internal electric field or
diffusion, where the transport of carriers depend on the concentration gradient of carriers. A highly
efficient contact will extract carriers faster than the diffusion rate in the bulk of the perovskite
material generating a diffusion gradient in the perovskite absorber material. If the carrier extraction
is slower than the diffusion in the bulk, then charges developed at the vicinity of the electrode will
retard the carrier extraction further. If the recombination of carriers exceeds the extraction of
carriers, there will a reduction of extracted carriers which is absorbed leading to a lower power
output.*%] Thus, the importance of knowing the diffusion lengths in a given halide perovskite
structure is important as it determines the maximum layer thickness which could be efficient for
transport in the perovskite material. Diffusion lengths exceeding one micron have been observed
for halide based perovskites.*®! Figure 3n shows a detailed schematic of a perovskite device

operation.
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3.9 Trapping mechanism in perovskite solar cells

The perovskite layers, which are often made by spin coating precursor solutions (solution-
deposited layers) or by vacuum deposition of sublimated precursors (vacuum-deposited layers),
are made up of grains that are closely spaced apart from one another. In theory, there are two
different ways that the layers may look with individual grains filling the whole thickness of the
layer as shown in Figure 3o or with many grains piled on top of one another to create the layer
thickness as shown in Figure 3p. Recent research has demonstrated that the borders between the
grains inside the layer do not contribute to the creation of the photoluminescence (PL) decay
kinetics by quenching the photoluminescence. Perovskite PL quenching (carrier non-radiative
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recombination) often only occurs at grain boundaries that create the layer's external surfaces (both
front and rear surfaces). There is enough evidence that the layer surfaces play a key part in the
creation of the PL Kinetics, as shown by the considerable (ten-fold and more) extension of the PL
lifespan in a perovskite layer as a result of chemical passivations of their front surface.[43:14]
Therefore, non-radiative recombination at the layer surfaces is the most effective mechanism
causing carrier recombination in perovskite layers, according to evidence from the literature. The
most logical way to analyze the PL kinetics in this situation, from the perspective of obtaining the
most physical information, is to fit them using a one-dimensional diffusion equation. It enables the
simultaneous measurement of the surface recombination velocity (S) and the carrier ambivalent

diffusion coefficient (D).[**]
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Figure 3. Schematic of perovskite grain formation by o) a single large grain forming the entire
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volume of the crystal p) several small grains stacked to form the entire crystal. Adapted and

reproduced with permission from Copyright 2015 Elsevier B.V€]

It should be emphasized that the diffusion equation normally only applies to homogenous
materials. It is clear that polycrystalline perovskite layers are not homogenous since they have
grain boundaries in addition to bulk material, which is roughly equivalent in various grains. The
situation is actually quite favorable from the perspective of interpreting the luminescence kinetics
because, following photoexcitation, the diffusion only moves the charges through the layer
thickness in the vertical direction because only in this direction does the initial photoinduced

concentration gradient exist (the gradient is indicated by the red color shown in Figure 3p.
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Therefore, from the perspective of diffusion throughout the layer thickness, the morphology seen
in Figure 30 may be regarded as homogenous. Most modern perovskite films are thought to be
continuous and monocrystalline in the vertical direction, according to the literature as shown in
Figure 3p.[151521 Although tiny grain sizes are desirable in the films used in the production of
light-emitting diodes (LEDs), the architectures depicted in Figure 3p are also conceivable.
Perovskite layers in these structures are made up of grains that stack on top of one another. This
non-homogeneous material is necessary because it requires carriers to cross several internal
barriers in order to reach the layer surfaces, which can significantly slow down diffusion.>3l
Another observation relates to the idea of taking the bimolecular recombination of carriers in the
bulk film into account. From our personal experience, it makes sense to minimize this mechanism's
effect on the kinetics since it complicates the diffusion equation and reduces the precision with
which D and S values may be calculated. Reducing the photoexcited carrier concentration below

a certain level, around 10%" cm, will prevent bimolecular recombination. >4

3.10 Perovskite solar cell measurement parameters

Current density-voltage (J-V) measurements are generally used to characterize solar cells. This
standardized technique consists of illuminating the solar cell with the AM 1.5G spectrum with the
intensity of 200 mW/cm? and recording the 1-V values with an applied voltage. Generally, three
parameters are extracted from the J-V measurements: the open circuit voltage (Voc), the short
circuit current density (Jsc) and the fill factor (FF). These parameters together determine the power
conversion efficiency (PCE) of the device. The voltage is scanned in two directions - the forward
and the reverse direction i.e., the forward and reverse scans respectively. The forward scan is from
the Jsc to the Voc and the reverse scan is from the Voc to the Jsc. The J-V curves of perovskite
solar cell always display a loop, called hysteresis.[*51 Hysteresis exists in a solar cell regardless of
the method of deposition and the charge transport layers used. This effect depends mostly on the
biasing of the solar cell and also the speed at which the measurement sweep has been carried
out.[*%8I571 Many studies have shown a multitude of causes for hysteresis like ferroelectricity,
carrier trapping, interface effects and ion migration of which the ionic movement has been known
to be the most prominent cause of hysteresis.[*5>1%1 When an electric field is present, the mobile

ions accumulate at the vicinity of the electrodes building a space charge region in the vicinity of
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the charge collection layers which could hinder carrier transport, recombination and extraction.
Beside affecting the internal electric field within the device, ionic species also interact with heat
and electromagnetic radiation.[**® To overcome the problem of presence of such mobile ionic
species, and to determine the actual performance of the solar cell, slow sweeps of J-V measurement
and the maximum power point (MPP) tracking is recommended by the perovskite community as

standard measurement protocols.!#>16%!

Keywords: Organic inorganic hybrid perovskites (OIHPs), perovskite solar cell (PSC), power
conversion efficiency (PCE), band gap, crystal lattice, covalent bonded, ambipolar, Goldschmidt
Tolerance Factor, rhombohedral, orthorhombic, tetragonal, Ruddleson-Popper (RP), Dion-
Jacobson (DJ) phase, photon energy, semiconductors, LaMer’s model, anti-solvent engineering
(ASE), solvent-solvent extraction (SSE), gas flow induced gas pumping (GGPM), critical radius
(re), Gibbs free energy (AGe), anti-solvents, exciton binding energy, diffusion length, hysteresis,

electric field, electromagnetic radiation, maximum power point tracking (MPP).
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PREFACE TO THE EXPERIMENTAL PART

CHAPTER 4.

4.1 Influence of colloids and impurities on perovskite crystal
growth

Different additives incorporated to perovskite precursor solution can drastically impact the
morphology, nucleation rate, grain size, and crystallinity of the perovskite films fabricated from
it. Studies have been carried out to improve the perovskite film quality, stability, optoelectronic
properties, and overall photovoltaic performance by inserting additives, such as polymerst®,
water621 small moleculest*®®164 metal ions*®®l, and acid-based additives.[**%%] |t has been
reported by McMeekin et al. that the morphology of mixed cation-based metal halide perovskites
can be controlled by tuning the colloidal density in the perovskite precursor.!*9l These soft
coordination frameworks of lead polyhalide networks, such as [PbXs]", [PbX4]*, and [PbXes]* act
as centers for nucleation during perovskite film formation.**l From the classical nucleation
theory, it is known that there are two kinds of nucleation - homogeneous and heterogeneous.*67]
Since perovskite film growth is on a foreign substrate (glass or plastics), and occurs via nuclei,
this would be a heterogeneous nucleation route. Tuning the morphologies of perovskite layers by
implementing p- and n-type layers has been reported by Bi et al.[*33 Assuming that perovskite is a
simple example of a heterogeneous nucleation system where a solid spherical nucleus is immersed
in a liquid close to the solid surface. Then, the heterogeneous free energy barrier is equal to the
homogeneous free energy barrier multiplied by a factor of the interfacial tensions I', and since this
factor is less than unity, heterogeneous nucleation has a lower energy barrier than its

counterpart!*616% as shown in Equation 4.1

_ (2+cosB) 2
GHeterogeneous - GHomogeneous 4 (1 — COos 9) 4.1

where 6 represents the angle of contact between the crystalline deposit and the surface of the solid
or the interface wetting angle. Thus, by controlling the amount of lead polyhalide based colloidal
network in the perovskite solution, the interfacial tensions between the solid surface and the
solution can be modulated giving the room for tuning the heterogeneous nucleation sites. It has

been observed that a controlled amount of colloidal particles is needed for a pinhole free perovskite
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film growth, as in the presence of colloidal particles perovskite grains impinge upon one another,

leading to a densely grown perovskite layer.[*7%]

The stabilizer - hypophosphorous acid (HsPOz), commonly present in commercial solutions of
hydroiodic acid (HI), acts as a reducing agent additive, preventing iodide oxidation. The presence
of this additive impacts the purity of the methylammonium iodide (MAI), which is typically
synthesized using HI. MAI on the other hand is a key component of the methylammonium lead
iodide (MAPI) perovskite thin film formation.[*”t This stabilizer has been known to incorporate
methylammonium hypophosphite (MAH2PO;) impurities in the synthesized MAI precursor
powder, as it reacts with methylamine (MA) in the aqueous solution. These salt impurities affect
colloidal network in the precursor solution, slowing down the crystallization of the MAPI
perovskite layer by the formation of the intermediate phase - lead hypophosphite (PbH2PO,).172
However, removing unwanted MAH2PO- impurities is technically very difficult, and also would
lead to coarse perovskite grains. Thus, a controlled addition of MAH2PO; additive could help
tuning the number of colloidal impurities, and thus lead to better perovskite crystal growth. The
following manuscript entitled ‘New Synthetic Route of Ultrapure Alkylammonium lodides for
Perovskite Thin Films of Superior Optoelectronic Properties’ (DOI: 10.1002/ente.202000478) is
attached as a partial fulfilment of my Ph.D. thesis and shows a novel synthetic route of
methylammonium iodide (CHsNHsl, MALI), producing ultra-pure MAI with a less expensive and
simple reaction route. This route helped control a colloidal network in the precursor solution by
precise addition of specific impurities, which in turn helped achieving a more controlled growth
of perovskite thin films with largely improved morphologies and properties. This synthetic route

can also be applied to other alkylammonium iodides for laboratory and commercial uses.

4.2 Study of decomposition of aged perovskite solar cells using
NIR spectroscopy

The use of infrared spectroscopy (IR) in the study of perovskite degradation has already been
widely explored. Williams et al. demonstrated by combining thermal analysis and Fourier
Transform infrared spectroscopy (FTIR) that MAI (CH3sNHzl) does not produce gaseous products
until 240°C.[1731 Another recent technique involving IR-based study for the degradation of
perovskites was carried out by Pegu et al., where a polarized modulated IR excitation was used to
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study the surface dipole orientation of fluorinated phenylethylammonium iodide (FPEAI ) and
phenylethylammonium iodide (PEAI) molecular groups on the perovskite surface.l'’”*l However,
the use of IR spectroscopy to study intermolecular interactions has been conducted at the end of
the twentieth century by Isao Noda who invented the two-dimensional correlation spectroscopy
(2DCOS) to study the dipole interactions within atactic polystyrene.l*”® The generalized 2DCOS
has been developed into a very potent analytical tool in many disciplines of spectroscopic
investigations, particularly in conducting polymer studies, since the concept of 2DCOS was
enlarged to the many spectroscopic applications in Noda's work in 1993.

The generalized 2DCOS can reveal information in spectral fluctuations, including thermal,
electrical, optical, magnetic, and chemical perturbations,[*"5761 |R [177.178] Raman, 117918 terahertz
(THz),181 X-ray,1182 yv-vis,[183184 NMR, 11851861 flyorescence, 87181 and even chromatography.
The use of generalized 2D correlation spectra has several advantages over traditional spectroscopy,
including the ability to examine inter- or intramolecular interactions, and establish the sequence in
which sub-molecular events occur.

The synchronous 2D correlation spectrum depicts the concurrent or coincidental variations in
spectral intensities at v1 and v2. The auto-correlation functions of spectral intensity variations,
often known as auto peaks, are represented by positive correlation peaks on the diagonal
synchronous 2D correlation spectrum. Cross peaks in the synchronous 2D correlation spectrum,
which are found in the off-diagonal positions show contemporaneous or simultaneous changes in
spectral intensities seen at two separate spectral variables. Positive cross-peaks show that
corresponding spectral variables' intensities rise or fall together. The negative cross-peaks, on the
other hand, show that one of the spectral intensities rises while the other falls.[*l These processes
help in detecting the sub-molecular alignment, as well as the strength of intermolecular interactions
and dipolar arrangements at the surface. A schematic of the 2DCOS IR spectroscopy layout is

shown in Figure 4a.
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Figure 4a. Schematic of the 2D correlation spectroscopy (2DCOS). Adapted and reproduced with

permission from Copyright 2015 Frontiers in Chemistry!*°!

The following manuscript, entitled ‘Analysis of Perovskite Solar Cell Degradation over Time using
NIR Spectroscopy —a Novel Approach’ (DOI: 10.3390/en15155397), is an attachment in this thesis
for the partial fulfilment of this Ph.D. study. Here, the potential for observing the aging of
perovskite structures over time, using optical reflectance in the NIR range (900-1700 nm) has been
explored. Changes in the optical reflectance spectra of the original perovskite solar cell structures
during the first month following PSC production have been recorded. Two-dimensional correlation
spectroscopy (2D-COS) approach statistical analysis and the ratio of distinguishing peaks in
reflection spectra have been investigated. This technique enables accurate timed detection of
important thermal aging sites. Furthermore, in the future, this technique combined with FTIR could

help us further detect the functional groups during perovskite film degradation.

4.3 Perylene diimide based dyes as efficient electron transport
layers for perovskite solar cells

Perylene dye-based molecules (perylene-3.4.910-tetracyclic acid diimides) and their derivatives
have been known to be promising electron transport materials in organic and hybrid solar cells due

to their high electron mobilities and high molar extinction coefficient values. Their rigid network
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and the presence of aromatic rings in their molecular structure help in the better transport of
electrons in perovskite solar cell structures. The synthesis of organic molecules such as perylene-
based small molecules are feasible to synthesize in the laboratory.

In organic and hybrid photovoltaics, the conversion of light energy to electric energy depends on
the photo-induced charge transport process of the electron acceptor and the hole acceptor with
different electron affinity and different ionization potentials. Although a large number of electron
acceptor materials have been widely investigated for photovoltaic applications, organic materials
are still being studied for efficient photovoltaic applications.[**>!®] Thus, the use of perylene
diimide based dyes is one of the widely explored molecules replacing the traditional fullerene-
based derivatives.[**@ However, researchers have to keep in mind a few factors before integrating
such molecules for solar cell applications. These include easy processing conditions, good stability
and solubility, high charge mobilities and charge injection, and collection properties at the
interfaces.? In perylene diimide (PDI)-based dyes such properties can be tuned by careful
chemical engineering and via supramolecular assemblies in their solid state.[2%19

However, there are certain challenges to be kept in mind while engineering and designing such
class of molecules in the laboratory, such as: lower symmetries and high polarizability when
compared to fullerene-based molecular moieties. Furthermore, the charge transport mobilities and
electron affinities of PDI-based dyes are lower than that of traditional fullerene-based dyes. This
is the biggest obstacle for utilizing PDIs as electron transport layers in perovskite solar cell
applications. The PDI-based dyes, however, have a higher molar absorption coefficient and higher
absorbance in the visible range than fullerenes, thus contributing to a better light harvesting in
solar cells.[*® Perylene-3,4,9.10-perylene tetracarboxylic acid diimides (PDIs), as shown in
Figure 4b, can be easily modified for optimized electronic and optical properties by introduction
of alkyl or aryl structures at the bay core positions*®21%% or its N-positions.[*%4!
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Figure 4b. Representative diagram of a PDI molecule. Adapted and reproduced with permission
from Copyright 2013 Elsevier Ltd[?°!

PDI molecules on top of having desirable chemical, thermal and photochemical stabilities, also
exhibit large optical absorption in the visible and near IR range where they emit light with high
quantum vyields, and show excellent charge transport properties.'*! The following manuscript
entitled ‘Solution-processable perylene diimide-based electron transport materials as non-
fullerene alternatives for inverted perovskite solar cells’ (DOI: 10.1039/d2ta01321e) is attached
as a partial fulfilment of this Ph.D. thesis and is based on the synthesis of three highly soluble

perylene diimide electron acceptor molecules based on the core contortion approach, %! making
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them solution-processable, while also avoiding the use of long isolating alkyl-based chains. These
PDI-based molecules with four substituent groups in their bay positions have not been widely
investigated by researchers earlier.'*71 Their synthesis had been carried out by the initial reaction
of benzylamines in the position of imides by further attachment of different functional group at
their respective bay positions. The optoelectronic properties of these PDI molecules were studied
in an inverted perovskite device architecture, achieving desirable solar cell properties, and thus
assessing them to be potential alternatives for traditional fullerene-based dyes as electron transport

materials.

4.4 Exploring the formation of a lower dimension perovskite
structure at the solar cell interfaces for high efficiency and
stability

Incorporation of bulky organic cations (BOC) between the hole transport layer and perovskite
layer can lead to significant reduction of non-radiative energy losses at both perovskite interfaces,
top and bottom, at the same time. Moreover, BOC molecules prevent phase segregation on the
perovskite surface, resulting in uniform surface characteristics. As a result, p-i-n structured
perovskite solar cells (PSCs) achieved a champion efficiency of over 23.7%, which is among the
best efficiencies ever recorded for the p-i-n type PSCs.[*881 The presence of such polar bulky
organic salts atop the hydrophobic poly(triaryl amine) (PTAA) layer increases the surface energy
of that layer, which improves the perovskite precursor solution's wettability. This was observed by
Degani et al., where the perovskite deposition process on dimethyl formaldehyde (DMF)-washed
PTAA was compared with the PEAI/DMF-washed PTAA samples. The latter case clearly showed
better wettability of perovskite precursor solution. The perovskite layer's microstructure and the
presence of nanovoids at the perovskite/HTL interface are both improved by the improved
wetting.[81

Passivation of the interfacial defects with BOC molecules minimizes surface recombination and
augments J-V performance.'%®-2% The unsaturated chemical bond at the perovskite surface can
be immediately passivated by the chemical interactions between the 2D spacers and the perovskite
layer. Because of the up-shifted energy levels at the anode contact, the development of 2D/3D

heterojunction can also facilitate hole transfer while blocking electron flow.[202202]

66



Furthermore, to reduce the impact of dispersion forces, the use of conformal and homogeneous
hydrophobic layers has been investigated by researchers to be carefully deposited on top of bulk
perovskite layers. Such fluorinated chemicals with carbon-fluorine (C-F) bonds and low
polarizability contribute to the material's stability and prevent moisture ingress within the
perovskite lattice.[?°32041 Flyorinated substances have been reported to assist the interaction of
electronegative fluorine atoms and the surface of perovskites thus creating hydrogen/halogen-
bonding interactions.?%! It has been recently postulated that the use of highly electronegative BOC
molecules like FPEAI, governs the stronger van der Waals contacts, serving as a barrier to moisture
decomposition by enhancing orientation and performance.[74!

‘Modification of a Buried Interface with Bulky Organic Cations for Highly Stable Flexible
Perovskite Solar Cells’ (DOI: 10.1021/acsaem.2c02780) is a scientific published work attached
with this Ph.D. thesis as a partial fulfilment of the desired study. Here, an effective method for
enhancing the stability and efficiency of flexible perovskite solar cells has been reported. The
buried interface between a hole-transporting layer and a perovskite-absorbing film has been
modified using bulky organic ammonium molecules. These BOC-modified perovskite solar cells
significantly  outperform  the  original, unaltered system.  Applying the 4-
fluorophenethylammonium iodide (FPEALI) for this modification resulted in obtaining the 18.66%
efficiency for the large-area (1 cm?) flexible solar cell. Better hole extraction and less nonradiative
recombination loss at the buried interface were shown to be the cause of the performance
enhancement. The presence of low-dimensional perovskite phases close to the hole-transporting
material by the use of these BOC passivation has also been reported. As a result, the thermal and
light-soaking stability of manufactured devices is greatly improved. With the optimal passivation
treatment with the FPEAI, no loss in 1000 hours of aging at 85°C along with no loss in 1000 hours
of light soaking at open circuit was obtained, and less than 10% drop in 1000 hours of operation
at maximum power point was also recorded. Such BOC passivation also led to the structural
stability of the perovskite lattice which was ensued by studying the amount of iodine vapor release

during the light soaking stability tests.
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4.5 A robust encapsulation route for plastic based flexible
perovskite solar cells to withstand highly accelerated aging
tests

Although high efficiencies for the flexible solar cells have been reported, the main challenge lies
in the commercializing of this technology due to its limited stability. When perovskite solar cells
(PSCs) are exposed to ambient air conditions, their performance starts to suffer greatly. Making
PSCs that have long enough operating lifetimes for their intended end-user applications is therefore
still a cumbersome task. A crucial technique needed for the use and commercialization of
perovskite solar cells is thin-film encapsulation. For the necessary increase in reliability and longer
device lifetime, it is essential to avoid the intrusion of moisture and oxygen. To prevent a
significant decrease in device performance, more research is required to better understand how
encapsulation affects the stability of flexible perovskite solar cells.

Lead iodide can form when volatile organic species evolve as a result of being catalyzed by heat
or moisture.?62%81 Thermal and moisture stability can be improved by replacing
methylammonium (MA) with less volatile cations and utilizing a barrier materials. PSCs are also
prone to delamination due to their low fracture energy® and the presence of many layers with
different thermal expansion coefficients (CTE).[?%0]

To compete with other commercial technologies, PSC encapsulation must provide resilience
against temperature and humidity extremes at a low cost. Work utilizing single-layer hydrophobic
thin films has been reported earlier.?!12'2l Also thin multi-layers utilizing different organic
electronic technologies used as encapsulation layers for solar cells have been reported.[?*%l A robust
barrier must prevent moisture from entering at high temperatures, sustain temperature changes
without delamination, and promote steady and effective operation. Apart from barrier films which
are needed to prevent the interaction of extrinsic species like moisture and air, the incorporation
of an edge sealant is also necessary for a complete and protective encapsulation stack. An edge
sealant’s primary role is to prevent moisture from entering. An encapsulant binds the package in a
compact manner and guarantees that the edge seal stays compressed even after prolonged field
exposure by filling in any extra volume in the package. It must have high volume resistivity,
minimal moisture absorption, no reactive chemical species, high transmission, and high UV

resistance. %3
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In general, perovskite photovoltaic modules installed for outdoor applications must be able to
endure a mix of moisture ingress and temperature extremes, even though much of the stability
work on PSCs is reported at 85°C.[*®] Hence, IEC61215:2016[24 damp heat, thermal cycling, and
humidity freeze are some common accelerated tests mandated for commercial modules that must
pass these tests with less than 5% relative efficiency loss. The humidity freeze test places the
toughest impact on the encapsulation quality, since it combines thermal cycling and damp heat.
For instance, moisture that has gotten into the encapsulation will harden during freezing and cause
the encapsulant to delaminate. Perovskites' degradation can be also induced by temperature
fluctuations®*®! Thus, a weakly encapsulated PSC stack or any intrinsic perovskite material
instability will be revealed by the humidity freeze test. According to Shi et all**”], an effective
encapsulation scheme is one that provides a pressure tight environment for the PSC. As a result,
any decomposition reaction, as given by Equation 4.2, quickly reaches equilibrium before the
PSC sustains considerable damage. In a pressure-tight environment, when the concentration of
products rises, Q rises and AG tends to shift toward 0, which shows the reaction has reached
equilibrium. The variation in temperature may even cause an unexpected reaction or a positive AG
which depicts an unspontaneous reaction. Even when the decomposition reaction is partially
reversible, as with MA or FA/MA combined, sealing the PSC in a pressure-tight environment
substantially suppresses it.

AG = AG° + RTInQ 4.2

Where Q is the proportion of the product concentration to the reactant concentration, and AG and
AG® are the free energy changes that occur during the decomposition reaction, and while the

reactants and products are in their standard states, respectively.

Also encapsulation stacks which are less sensitive to UV radiation have better stability.[?*6] The
scientific manuscript entitled ‘Encapsulation protocol for flexible perovskite solar cells enabling
stability in accelerated aging tests’ (DOI: 10.1002/eem2.12434) has been attached as a partial
fulfilment of this Ph.D. thesis in which an effective device hermitization is achieved by developing
a lamination process that includes adhesive materials, barrier foils, and edge sealants. The
universality of this method is demonstrated in the three different flexible perovskite solar cell
configurations (p-i-n with carbon, p-i-n with silver, and n-i with carbon), with large active areas
(1 cm?). After undergoing a series of accelerated aging tests, based on industry standards
(compatible with the IEC 61215 and IEC 61646), which included 1400 hours of moist heat, 50
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thermal cycles, and 10 cycles of the humidity freeze test, the best devices maintained more than

85% of their initial performance.

Keywords: Additives, interface wetting angle, colloidal, stabilizer, infrared (IR) spectroscopy,
polarized, 2D correlation spectroscopy (2DCOS), NMR, chromatography, cross-peaks, PDI,
supramolecules, molar extinction coefficient, bulky organic cations (BOC), surface energy,
hydrophobic, lift-off, polarizability, optoelectronic, encapsulant, IEC, delamination, degradation,

free energy, hermitization.
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CHAPTER 5.

5.1 Conclusions

The Ph.D. research work described in this thesis first explored the effect of controlled
incorporation of additives in the precursor solution for methylammonium lead iodide (MAPI)-
based perovskite solar cells, where a novel synthetic route of methylammonium iodide was
reported, which lead to smoother and pinhole-free perovskite films. Following the improved
perovskite formation, an understanding of the perovskite degradation during thermal aging of the
photovoltaic devices was studied with the help of NIR-based 2D cross-correlation spectroscopy
(2DCOS). In this method, different solar cells, with and without metal back-contact electrodes,
were tested, and it was revealed that perovskite layers exposed to ambient air without any
protective layer degraded faster than perovskite layers with a metal coating, thus paving a way for
understanding the need of a protective barrier layer for perovskite long-term stability. The research
work focused then on the synthesis of a functionalized perylene diimide (PDI) molecule, which
was applied as a highly effective electron transport material in perovskite solar cells. By changing
the functional groups in this molecule, the energetics between the triple cation perovskite and the
PDI molecule were optimized leading to high efficiencies, comparable to those of the conventional
fullerene-based electron transport layers. The thesis then explains the formation of low
dimensional perovskite structures at the buried interface by incorporating bulky organic cations
(BOC) between the hole transport layer and the perovskite absorber layer in a p-i-n solar cell
structure. This modification significantly improved carrier extraction and also led to the
passivation of defects at that interface. Finally, this thesis highlighted the significance of a proper
encapsulation strategy to bring the perovskite technology close to an industrial feasibility. In this
part of the research work, adhesive materials, barrier foils, and edge sealants were explored to
encapsulate flexible perovskite solar cell devices, leading to robust device hermitization.
Following a series of accelerated aging tests based on industry standards (IEC 61215 and IEC
61646), including 1400 hours of moist heat, 50 thermal cycles, and 10 humidity freeze cycles,

these encapsulated solar cells preserved more than 85% of their initial performance.
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5.2 Use of perovskites in current industrial applications

The worldwide perovskite solar cell market has a bright future, with prospects in aerospace and
defence, industrial, commercial, residential, and utility applications. The worldwide perovskite
solar cell market is predicted to reach $2.02 billion by 2028, rapidly growing at a CAGR value of
40.0% between 2023 and 2028. Growing demand for low-cost and lightweight solar cells,
supporting government regulations, growing environmental concerns about carbon emission
reduction, and increased domestic solar power penetration are the primary drivers for this

industry.[2%7]

The current state of perovskite solar cells is promising but faces several challenges. Perovskite
solar cells have a stark potential to be both cheap and efficient, but their stability is a setback.
Several businesses, however, including Saule Technologies, Oxford PV, and Microquanta
Semiconductor, claim to have made substantial work in resolving the stability issue and are nearing
commercialization. Furthermore, the low cost and relative ease of synthesizing perovskite
materials make them an appealing commercialization alternative. The capacity to make thin-film
solar cells that are light and flexible, as well as the possibility for high efficiencies, contribute to
their commercial feasibility. To increase their stability and performance, the aforementioned
companies are researching on various technologies such as ink-jet printing, combination of
perovskite-silicon cells, and glass-encased cells. While some experts are suspicious, these firms
have passed cell functional testing and are confident in the stability of their fabricated solar cells.
The long-term survivability of perovskite solar cells versus regular silicon cells remains unknown.
However, experts believe that perovskite technology has the potential to make solar electricity
more affordable and accessible. Continued R&D efforts are aimed at enhancing the stability,

scalability, and commercialization of perovskite solar cells.

As the research continues, the preliminary findings are still encouraging. Oxford PV, for example,
used a tandem strategy to obtain a high conversion efficiency with its perovskite-silicon solar cell.
The perovskite material is layered on top of a regular silicon solar cell in this method. Oxford PV

was able to develop a 28% conversion efficiency on a 1cm? cell that was certified by the United
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States National Renewable Energy Laboratory as well as researchers in KAUST have achieved a

certified efficiency of 33%.

Perovskite solar cells offer a number of characteristics that make them suited for a variety of

commercialization applications. Some of these applications are as follows:

Building-integrated photovoltaics (BIPV): Perovskite solar cells may be incorporated into
building elements such as windows, facades, and roofs to generate power while retaining
the structure's aesthetic appeal 128!

Portable electronics: Because perovskite solar cells are lightweight and flexible, they are
perfect for powering portable electronic devices such as smartphones, tablets, light emitting
diodes (LED) and wearables.

Off-grid applications: Perovskite solar cells can be used to power isolated places, rural
populations, and poor countries that are devoid of dependable electricity.[?1

Electric cars: Perovskite solar cells can be utilized for VIPVs (Vehicle Integrated
Photovoltaics) as they may be placed into the body of electric vehicles to supply additional
power and enhance driving range.[??l

Consumer electronics: Perovskite solar cells can power a variety of consumer gadgets, such
as smartwatches, fitness trackers, and wireless charging devices.

Space applications: Because of its high efficiency and small weight, perovskite solar cells
are well suited for space applications where weight and efficiency are crucial.[??!]

Lower cost for technological applications: This advantage states the use of liquid-based
materials and processes to fabricate perovskite solar cells. This method has a number of
advantages, including cheaper capital expenditure (CAPEX) and operating expenditure
(OPEX) expenses. Perovskite solar cell components can be dissolved in a solvent and
deposited onto a substrate using processes such as spin-coating, inkjet printing, or spray
coating. These solution-based technologies are simple and easy to scale up for mass
production, resulting in cheaper costs and environmentally friendly techniques when
compared to more sophisticated and expensive fabrication procedures.’???l Furthermore,
solution-based processing permits the use of low-temperature deposition processes. This
means that the perovskite layer may be placed on a wide substrate range, including flexible

and lightweight materials, without requiring high-temperature processing processes and.
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This versatility in substrate selection leads to the development of novel applications in
fields such as building-integrated photovoltaics and portable electronics as talked earlier in

this section.

These are only a few instances of perovskite solar cell commercialization opportunities. As
technology advances and improves, it is projected to find even more uses in a variety of sectors.

Due to a variety of issues, commercial viability of perovskite solar cells (PSCs) remains a
difficulty. One of the most significant impediments is the expense of PSCs in comparison to
traditional fossil fuels. According to a US Energy Information Administration estimate, the
Levelized Cost of Electricity (LCOE) for PV is around three times that of coal. To secure the
public's attention, the LCOE of PSCs must be reduced to that of silicon PV or petroleum. PSC
prices have been reduced with the use of solution deposition processes, which minimize
manufacturing costs. Furthermore, the US Department of Energy's Sunshot Initiative set a goal for
the LCOE of PV to be under 6 US cents kWh in order to increase its competitiveness compared

to other energy sources.?%

In terms of scalability, PSCs must be manufactured on a big scale in order to supply the rising
need for renewable energy. The development of manufacturing facilities and testing processes is
critical to the commercialization of PSCs. Furthermore, the scalability of PSCs is intimately tied
to their manufacturability, which entails developing efficient and cost-effective production

procedures.

Sustainability is yet another crucial factor for the commercialization of PSCs. This involves
lowering PSCs' environmental effect, such as reducing lead toxicity and using sustainable
materials and production techniques. To address the issue of lead toxicity in PSCs, efforts have

been undertaken to produce lead-free and double perovskite materials.[?24122]

Finally, storage is a critical factor in the commercialization of PSCs. Intermittency is a problem
for PV technology, and methods like linking PV systems to the grid or employing self-rechargeable
batteries have been proposed to overcome it. The development of cost- effective and efficient

technologies for energy storage is critical for PSC deployment. 22!
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New Synthetic Route of Ultrapure Alkylammonium lodides
for Perovskite Thin Films of Superior Optoelectronic

Properties

Shyantan Dasgupta, Kasjan Misztal, Rosinda Fuentes Pineda, Wojciech Mroz,
tukasz Pawlaczyk, Jarostaw Serafinczuk, Alex J. Barker, Taimoor Ahmad,
Artur P. Herman, Sylvester Sahayaraj, Robert Kudrawiec, Annamaria Petrozza,

Alina Dudkowiak, and Konrad Wojciechowski*

In the past decade, metal halide perovskites grew from a mere scientific sensation
to a tangible photovoltaic technology, being on the brink of commercial entrance.
Certified efficiency value reported for these devices exceeded 25%. However,
there still remains a large scope for further advancement, particularly in better
understanding of the formation process of polycrystalline thin films of these
materials. Insight into the interplay between colloidal precursor solution and
nucleation of perovskite crystallites is highly desirable to obtain well-controlled
crystallization process, essential for reproducible manufacturing at large scale.
Herein, a novel synthetic route of methylammonium iodide (CH;NHsl, MAI) is
reported, which produces ultrapure material with a cheap and simple method.
MAI prepared this way obtains better control over the perovskite precursor
colloidal solution. Furthermore, MAPbI; perovskite layers processed from sol-
utions are formulated with different MAI powders, and these films are applied
into a simple planar heterojunction solar cell stack. Through photovoltaic per-
formance characterization and multiple spectroscopic measurements, superior
optoelectronic properties of samples made with an optimized solution are
demonstrated. The influence of a precursor solution and its colloidal distribution
on the final film properties is reported. The reported synthetic protocol is also
applicable to other alkylammonium iodides.

1. Introduction

Metal halide perovskites emerged over the
past decade as a promising class of materials
for solar energy conversion. Photovoltaic
devices based on these semiconducting thin
films demonstrated rapid improvement in
reported power conversion efficiencies
(PCEs), evolving from just 3.8% in 2009
to 25.4% in 2019, with the first solid-state
solar cell based on MAPDI; perovskite
reported in 201207 The efficiencies of
laboratory-scale devices exceeded the record
values of commercial second-generation
photovoltaics (PV) technologies as perov-
skite PV is rapidly moving toward the com-
mercialization phase. Such progress was
obtained thanks to remarkably favorable
optoelectronic characteristics of perovskite
thin films which was fueled by the explosion
of scientific interest and huge worldwide
research efforts.>* The key aspect of perov-
skite solar cell operation is the quality of
photoactive layer, hence the control and
understanding of the crystallization process
is of paramount importance.
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High crystallinity, high absorptivity, and low defect density
allowing exceptional charge carrier transport properties (very
long carrier diffusion lengths) can be obtained at low tempera-
tures (low crystallization activation energy barrier) with facile
solution-based processing.”® However, these characteristics
are highly sensitive to the processing conditions and formulation
chemistry. Significant research efforts have been devoted to
perovskite film formation to enable uniform and dense surface
morphology, large grain size, perovskite crystal-phase purity and
crystallinity, which are important for reproducible photovoltaic
performance and long-term device stability.>!

Precursor solution chemistry and its complex coordination
interactions have a strong influence on nucleation and crystalli-
zation processes of perovskite layer, and in turn film morphol-
ogy, its optoelectronic properties and device performance.*” In
depth understanding of these fundamental complexities remains
not fully resolved. Yan et al. were the first to report that most of
the perovskite precursor solutions are colloidal dispersions in the
mother solutions.!'"! It was revealed that these colloids are made
of an iodo-plumbate coordination network formed between
organic and inorganic components. The coordination degree
can be adjusted by the ratio of particular components present
in the solution. The size and concentration of the colloids can
impact the crystal quality and morphology of the perovskite thin
film. McMeekin et al. showed the influence of these lead poly-
halide networks present in the solution on the crystal nucleation
and growth kinetics of the perovskite layer.'?! It was suggested
that these colloids can offer preferential sites for heterogeneous
nucleation which in turn affects the rate of crystallization and
final film properties.

It was also reported that the chemical purity of perovskite pre-
cursor components can affect the morphology of the perovskite
polycrystalline layer.'” The purity aspect is particularly relevant
for the methylammonium iodide (or other alkylammonium
iodides), where hydroiodic acid (HI) is typically used for the syn-
thesis of these materials. HI contains 1.5-2% of a stabilizer, hypo-
phosphorous acid (H;PO,, HPA), which was shown to produce
side products during the alkylammonium iodide formation.
Xiao et al. hypothesized the formation of methyl ammonium
hypophosphorous acid (MAH,PO,) as a byproduct of the reaction
between methylamine (MA, CH3NHj;) and H3PO, during the
MAI synthesis.["* This in turn could lead to the formation of insol-
uble Pb(H,PO,), nanoparticles during the perovskite precursor
solution preparation. It was suggested that these nanoparticles
could act as nucleation centers during perovskite thin-film crystal-
lization and support large domain formation. Another report
identified methylammonium hypophosphite (MAH,PO,) and
methylammonium phosphite (MAH,PO;) as impurities formed
by HPA reaction with methylamine during MAI synthesis." It
was postulated that these salts act as an effective anion source
for PbHPOs nanoparticles formation, which in turn serve as
nucleation centers for perovskite crystal domain growth. The
chemistry triggered by H3PO, can be extendable to other alkylam-
monium iodides where hydroiodic acid with stabilizer is used for
their synthesis. Similarly, other additives and impurities (acids,
amines, organic halides, and water additive) can affect the colloidal
chemistry occurring in the perovskite precursor solution, which in
turn would have an impact on the nucleation process and perov-
skite thin-film morphology.'®!>'%! As an alternative to one-step,

Energy Technol. 2020, 8, 2000478

2000478 (2 of 12)

www.entechnol.de

solution-based processing, multiple variations of a two-step fabri-
cation route of metal halide perovskite films were reported.'”®
Particularly, gas-induced growth method, where lead iodide films
are exposed to alkylamine vapor, constitutes a deposition strategy
which eliminates the problem of poorly controlled purity of alky-
lammonium salts.'>?°! The entire fabrication process is much
more complex, though, and therefore more challenging for
scaling-up.

Herein, we present a novel synthetic route for the fabrication
of methylammonium iodide, based on in situ reduction of
iodine. Avoidance of the use of hydroiodic acid as a reagent
allows us to produce very pure alkylammonium iodide, free of
phosphorous-based impurities. We demonstrate that MAI syn-
thesized with this method allows us to get better control of
the perovskite precursor ink formulation, and in turn deposition
of polycrystalline thin films of higher optoelectronic quality.
Precise addition of the controlled amount of hypophosphite salts
adjusts the coordination chemistry in the solution and improves
the crystallization process. We demonstrate applicability of
this route for the archetypical metal halide perovskite material,
methylammonium lead triiodide, derived from the lead acetate
route. Using a range of spectroscopic and electrical characteriza-
tion methods we demonstrate superior optoelectronic properties
of the perovskite layer fabricated from the newly developed for-
mulation. In addition, we carry out X-ray diffraction analysis,
which evidences superior crystallinity, smaller microstrain,
and more preferred orientation of the perovskite grains in this
layer. The reported strategy can be applied wider into other alky-
lammonium iodides, which also involve the use of stabilized
hydroiodic acid.

2. Results and Discussion

We developed and optimized a novel synthetic route for the pro-
duction of methylammonium iodide. In a conventional route,
methylamine is mixed with hydroiodic acid at 0°, followed by
an evaporation step to recover the product.*! The obtained white
powder is typically washed with diethyl ether and recrystallized
from ethanol. The commercial hydroiodic acid is often stabilized
with HPA, forming phosphorous acid (H;POs) upon longer stor-
age. This leads to the formation of hypophosphites and phosphite
impurities after their reaction with methylamine.™*! These impu-
rities can remain in the final product in uncontrolled amounts,
even after the recrystallization process.™

To avoid the use of hydroiodic acid and accompanying HPA
stabilizer, we applied molecular iodine as a halide source, which
is subsequently reduced in situ by controlled addition of a
selected compound. We tested different reducing agents, among
them formic acid and hydrazine, which were the most promising
reagents in the screening test. However, under the reaction con-
ditions, the formation of ammonium iodide was inevitable, and
due to its similarity to methylammonium iodide, it was impos-
sible to separate these two materials. The best results were
obtained with formic acid, although we had to watch for the for-
mation of methylammonium formate. Prolonged reaction times
and adjusted stoichiometry of the reagents allowed us to avoid
occurrence of this formate, but the major product had to be puri-
fied from the iodine (formic acid was added in substoichiometric
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amount). Overall, with the optimized amount and application con-
ditions of the formic acid reducing agent, we were able to form
in situ an appropriate concentration of hydroiodic acid, which
subsequently reacted with the methylamine to form methylammo-
nium iodide. The synthesis of ammonium iodide from in situ-
generated HI is described based on the literature reports.*!
Therefore, we propose the following reactions to occur during
the process:
Complete reaction:

2CH;NH, + I, + HCOOH — 2CH;NHJ I~ + CO, (1)

Partial reactions:
CH;NH{I™ + I, = CH;NH{ Ty )
CH;NH;T; + HCOOH — CH;NH{I- +2H*I- +CO,  (3)
CH;NH, + H*I~ — CH;NH{ I~ )

We carried out elemental analysis of the methyl ammonium
iodide synthesized by the described method and compared it
with materials made in a conventional way (different number
of recrystallization steps), and also MAI powder obtained from
a commercial supplier. We show the results of these studies,
done by inductively coupled plasma mass spectrometry (ICP-
MS), in Table 1.

The MAI synthesized with the conventional route involving
stabilized HI, displays significant amounts of phosphorus-based
impurities, even after recrystallization. Furthermore, obtained
results vary from batch to batch. We recorded phosphorus con-
tent ranging between 0.022% and 0.095% after two rounds of
recrystallization. In another synthetic batch, we obtained 0.041%
of phosphorous after three consecutive rounds of recrystalliza-
tion. The largest amount of impurities was found in the commer-
cial MAI, which was made with an undisclosed protocol. The
MALI synthesized according to the procedure described earlier,
which does not involve HI reagent, did not show any phosphorus

Table 1. Phosphorus content in different MAI powders determined using
ICP-MS, along with the estimated cost of each MAI type.

Sample wt% of P Estimated cost
per 1kg of material
MAI with HI (1x recrystallized), 0.281 670 €
“old MAI' 1 x RC”
MAI with HI (2x recrystallized), 0.022 730 €
“old MAI 2 x RC,” sample 1
MAI with HI (2x recrystallized), 0.040 730 €
“old MAI 2 x RC,” sample 2
MAI with HI (2x recrystallized), 0.095 730 €
“old MAI 2 x RC,” sample 3
MAI with HI (3% recrystallized), 0.041 790 €
“old MAI 3 x RC”
MAI without HI, “new MAI” Below detection limit 490 €
Commercial MAI (supplier 1), 0.688 2300 € (purchase price)
“comm. MAI”
Commercial MAI (supplier 2), 0.486 2500 € (purchase price)
“comm. MAI 2”
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in the elemental analysis. Different MAI powders were also
examined with 'H NMR analysis. The spectra are shown in
Figure S1, Supporting Information. We identified the presence
of phosphinic salts (peak in the region 6.60-6.65 ppm) for the
commercial and old synthetic route MAIs. There is no evidence
of signals originating from the phosphorus-based impurities in
the MAI made according to the new methodology. In Table 1, we
also provide an estimated cost of the production (or acquisition
cost) of 1kg of each MAI type. The new method is significantly
more cost effective than the conventional route, mainly due to
elemental iodine being much cheaper than stabilized hydroiodic
acid. Furthermore, in the old method, multiple recrystallization
steps are needed to lower the content of phosphorous-based
impurities, which sizably increases the overall cost.

To demonstrate the wider applicability of the described syn-
thetic route, we also applied it for making two other alkylammo-
nium iodides. We synthesized formamidinium iodide (FAI), and
n-octylammonium iodide (OAI), proving the universality of this
method. We show 'H NMR spectra of OAI and FAI in Figure S1,
Supporting Information.

To see the effect of MAI purity and accompanying hypophos-
phite salts on the coordination chemistry in the solution, we pre-
pared a simple methylammonium lead iodide perovskite
precursor formulations in dimethylformamide (DMF). We for-
mulated the solutions based on a sacrificial anion recipe, using
lead acetate as a primary lead source and an excess of organic
halide (MAI). This recipe, resulting in a very smooth MAPbI;
perovskite layer was first reported by Zhang et al.**! In the follow-
up work, they reported the enhancement of optoelectronic prop-
erties of perovskite layers processed from the same precursor
composition, further optimized with the addition of hypophos-
phorus acid.*¥

We prepared four solutions, each containing different type of
MALI (the powders studied with the ICP-MS), and analyzed result-
ing colloidal solutions using dynamic light scattering (DLS) tech-
nique. The graphs shown in Figure 1 are obtained in intensity
mode. The precursor solution containing the MAI powder syn-
thesized with the new method displayed the smallest average par-
ticle size. Conversely, the commercial MAI, which was found to
have the largest phosphorus content from the elemental analysis,
showed the highest volume of large colloids in the solution. We
also noted that increasing the number of recrystallization rounds

Size Distribution by Intensity
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Figure 1. DLS graphs showing a distribution of particles in perovskite
precursor solutions formulated with different MAI materials. The plot
displays size distributions obtained with a volumetric analysis.
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for the conventionally synthesized MAI (from one to three) lead
to the significant reduction of large species in the solution.

We corroborated DLS results by analyzing the Tyndall effect in
the same perovskite precursor solutions. When the light path
coming from a laser pointer is visibly propagating in the solution,
it indicates a significant photon scattering caused by the presence
of large particles in the solution. The solution made with
three-time recrystallized conventional MAI displays weak light
propagation, similar to the solution containing MAI powder
synthesized with the new method. Oppositely, the solutions for-
mulated with the commercial MAI and standard MAI with a sin-
gle recrystallization step show large scattering, indicating the
presence of bigger colloids. The image of studied solutions
and the observed Tyndall effect is shown in Figure S2,
Supporting Information. We can link the amount of phosphorus-
based impurities in the MAI powder to the size of colloidal
species present in the perovskite precursor solution, which is
consistent with the observations made by Levchuk et al." Tt
was proposed in multiple reports that colloids present in the
perovskite precursor solutions are based on lead polyhalide
coordination networks.">**! These species can substantially
affect the nucleation and crystallization rates of perovskite layer.
McMeekin et al. proposed that they could act as heterogeneous
nucleation centers.'” Certain concentration and size of these
species could be beneficial for perovskite formation dynamics.
It is likely that the beneficial effect of these colloids depends
on their character and can be specific for a given perovskite for-
mation process.

It was also reported that phosphorus-based impurities identi-
fied in MAI powder might exist in the form of methylammonium
hypophosphite salts."*'* As shown earlier, these impurities
affect the colloidal nature of the precursor solution. In the next
step, we investigated the effect of hypophosphite salt on the
perovskite layer formation and its properties by fabricating sim-
ple planar heterojunction perovskite solar cells using precursor
solutions with different amount of impurities.

We formulated the solutions following a modified lead acetate
recipe, and used the new MAI powder (free of phosphorus-based
compounds) with varied amount of methylammonium hypo-
phosphite (MAH,PO,) salt added separately to the precursor
solution (concentration range of MAH,PO,: 0-2wit% with
respect to MAI). We used a p-i-n device configuration of the fol-
lowing architecture: glass-indium tin oxide (ITO)/poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
MAPDI3/[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)/bath-
ocuproine (BCP)/Ag.

The morphology of perovskite layers processed from these sol-
utions and characterized by scanning electron microscope (SEM)
imaging is shown in Figure S3, Supporting Information. We can
observe that with increasing amount of MAH,PO, additive, the
perovskite domains become bigger, but at higher contents, the
layer’s coverage can be affected. The sample with 0.3 wt% addi-
tive shows a regular and compact morphology, with reduced
number of pinholes. We analyzed the crystallographic properties
of these films with X-ray diffraction measurements. We show the
diffractograms in Figure S4, Supporting Information. The intense
peaks at 14.2° and 28.6° are assigned to (110) and (220) reflections
of MAPDI; tetragonal structure (I4/mcm), respectively.’® The
sample with 0.3wt% MAH,PO, displays significantly higher
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intensity of the diffraction pattern. Considering the same thick-
ness of the perovskite layer (=230 nm, as derived from focused
ion beam-SEM cross-sectional images, as shown in Figure S5,
Supporting Information) in all the samples, and qualitatively very
similar diffraction pattern (no significant differences in grain ori-
entations), this could suggest higher crystallinity of the perovskite
film in the sample with 0.3 wt% additive. The current density—
voltage (JV) characteristics of the cells with different amounts
of MAH,PO, additive (champion devices) are shown in
Figure S6a, Supporting Information. The pristine device (new
MAI, no additive) yields a PCE value of 8.69%, with a short-circuit
current density (Jsc) of 16.64 mA cm™?, an open-circuit voltage
(Voc) of 0.89V, and fill factor (FF) of 79.61%. Upon hypophos-
phite addition, the performance improves significantly, reaching
the optimum level at 0.3 wt% additive (with respect to MAI). The
most notable is V¢ increase, which reaches 0.98 V. Combined
with the 18.66 mA cm ™2 of Jsc and 82.13% of FF, it results in
the PCE of 15.64%. In Figure S6b, Supporting Information, we
are showing a steady-state maximum power output (commonly
referred to as stabilized power output, SPO) of these devices, con-
firming the beneficial effect of the additive. The efficiency derived
from the SPO measurement is very close to the value obtained
from the JV characterization, which indicates that these cells
did not have significant hysteretic effects. The statistics of
photovoltaic performance parameters of the larger set of samples
(more than 20 individual cells for each variation, four separate
experimental batches) are shown in Figure S7, Supporting
Information and Table 2. Larger amounts of MAH,PO, additive
result in a higher spread of photovoltaic parameters and lower per-
formance. This could be a result of a deteriorated film’s morpho-
logical uniformity.

The presence of phosphorus-based impurities has a signifi-
cant impact on the formation process of perovskite thin films.
It is also clear that it has a large impact on the photovoltaic per-
formance of the resulting solar cells. The optimum concentration
of MAH,PO, additive for the photovoltaic performance was
0.3 wt%, and this amount was used for the remainder of the
study.

In the next step, we compared the morphologies and crystallo-
graphic properties of MAPbI; perovskite films processed from
precursor solutions with different MAI types (perovskite precursor
recipe based on excess organic, molar ratio of MAI to Pb(OAc),
and PbCl, equals 3:0.8:0.2), making the following variations:
1) Conventionally synthesized MAI with stabilized HI as a reagent,
3 times recrystallized, abbreviation: “old MAI”; 2) MAI synthe-
sized with the new method, avoiding HI as a reagent, with opti-
mized amount of MAH,PO, additive (0.3 wt%) as shown earlier,
abbreviation: “new MAI + add”; 3) MAI from a commercial sup-
plier, abbreviation: “comm. MAL.” Figure 2a—c shows the top-view
SEM images of the perovskite layers processed on top of glass
ITO/PEDOT:PSS surface from the aforementioned solutions.
We observe rather similar morphologies, with minor differences
in film compactness, uniformity, and distribution of domain
sizes. We point out slightly larger grains for the “new MAI + add”
sample. We further characterized the films by atomic force
microscopy (AFM). The images, together with the calculated root
mean-squared roughness (RMS) are shown in Figure 2d-f. All
the layers displayed comparable smoothness, with the “new
MAI + add” sample, yielding the lowest RMS value of 10 nm.
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Table 2. Photovoltaic parameters extracted from current-voltage characterizations of perovskite solar cells fabricated from precursor solutions

containing different amounts of MAH,PO, additive.

Sample Jsc best (Jsc average = sp) [MA €M™ Voc best (Voc average + s0) [V]  FF best (FF uerage + sp) [%]  PCE best (PCE yerage + sp) [%]  SPO best [%]
0% add. 16.64 (12.52 £ 4.07) 0.89 (0.85 4 0.04) 79.61 (66.2 +15.8) 8.69 (7.29+2.47) 8.69
0.1% add. 18.76 (15.49 -+ 4.54) 1.00 (0.77 £ 0.32) 84.26 (70.13 £ 12.22) 14.98 (8.61 = 4.20) 13.83
0.3% add. 18.66 (17.91 = 0.60) 0.98 (0.96 = 0.01) 82.13 (72.37 £12.53) 15.64 (13.80 = 0.74) 14.22
0.6% add. 18.66 (15.59 =+ 4.23) 0.95 (0.77+0.32) 77.53 (59.54 + 13.88) 13.34 (8.86 +3.59) 13.00
1% add. 18.62 (17.37 £ 0.79) 1.00 (0.97 £ 0.02) 81.86 (80.07 £ 2.63) 14.39 (1291 £1.15) 14.15
2% add. 18.05 (14.14 £5.02) 0.96 (0.77 +0.31) 82.04 (70.37 £18.13) 13.78 (10.53 £3.61) 13.85
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Figure 2. SEM top-view images displaying morphologies of MAPbI; perovskite layers, processed from different precursor solutions: a) “old MAL,”
b) “new MAI + add.,” c) “comm. MAI"; AFM images of the same samples, d) “old MAL” e) “new MAI + add.,” f) “comm. MAI"; g) X-ray diffractograms
of the same films, and h) zoom-in at the (110) reflection peak of these diffractograms.

The X-ray diffractograms of these layers are shown in
Figure 2d,e. All the perovskite samples, similar to the layers ana-
lyzed above, also display a typical tetragonal crystal structure (I4/
mcm). The peaks at 14.2°, 28.6°, 43.5°, and 59.4° can be assigned
to (110), (220), (330), and (440) reflections.”® The absence of a
peak at 12.7°, which refers to the lead iodide reflection, confirms
the complete perovskite transformation in all samples. We notice
that the “new MAI + add” sample displays fewer additional peaks,

Energy Technol. 2020, 8, 2000478

2000478 (5 of 12)

which could infer more oriented growth of perovskite crystallites
in that layer. The intensity of the dominant (110) reflection is also
the highest for the “new MAI 4 add” sample. Furthermore, we
applied Williamson-Hall method to calculate the size of perov-
skite crystallites,*>?”~** and obtained microstrain values from this
analysis.*>”! Detailed description of the method is provided in
Supplementary Note 1, Supporting Information. Table 3 shows
the results obtained for each perovskite sample.

© 2020 Wiley-VCH GmbH
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Table 3. Crystal sizes and microstrain values obtained from XRD
measurements of MAPbI; perovskite films processed from different
precursor solutions.

Sample Crystallites size [nm] Microstrain [%)]
“old MAI” 98.3 0.87
“new MAI + add” 137.3 0.65
“comm. MAI” 113.6 0.77

We note reduced microstrain value for the “new MAI + add”
sample, which is combined with the largest average crystallite
size. Conversely, the “old MAI” perovskite layers display largest
microstrain and smallest grain size. It was recently reported that
increased microstrain in the perovskite polycrystalline films
could induce larger concentration of defect sites, in turn leading
to enhanced nonradiative recombination losses.*'*’!

To translate the observed crystallographic differences between
perovskite films processed with different MAISs to optoelectronic
properties of these layers, we carried out a range of spectroscopic
characterizations on those samples. We carried out steady-state
(ss-PL) and time-resolved photoluminescence (TRPL) measure-
ments, additionally we derived photoluminescence quantum
yield (PLQY) for each photoactive layer. The samples composed
of perovskite films processed on plain glass substrates were pre-
pared with precursor solutions described earlier. We show the
results in Figure 3.

The PL yield and lifetimes in perovskite layers at carrier den-
sities corresponding to illumination intensities below standard 1

—
[

=

~

www.entechnol.de

sun (100 mW cm?), are limited by trap sites and nonradiative pro-
cesses.**** The PLQY describes the ratio of radiative recombi-
nation rate to all the decay rates, we can write it as?*®

k
PLQY = —=d 5
Q (krad + knonrad) ( )

where k,.q is radiative recombination rate and kyonraq 1S nonra-
diative recombination rate.

All the studied samples displayed a commonly observed
photobrightening effect for these materials, as incurred from
the PLQY evolution over illumination time (Figure 3a).*”-*®!
The increase in PLQY can be attributed to the trap states filling
with continuous light soaking, and reduced trap-assisted non-
radiative recombination rates. The highest PLQY showed the
perovskite layer processed from the “new MAI + add” sample
reaching over 6.6%, which compares with 1.1% and 2.3%
obtained for the “old MAI” and “comm. MAI” respectively.
This implies reduced nonradiative recombination channels (bulk
and surface recombination), potentially due to lower defect den-
sity in this newly developed perovskite formulation. The steady-
state PL spectra show the same peak position for all perovskite
films, centered at 775 nm, with “new MAI + add” sample yield-
ing the highest intensity. TRPL measurements (laser power den-
sity: 15 mW cm™?) corroborate these results, “new MAI + add”
sample shows the longest lifetime, as shown in Figure 3c.
The PL decays were fitted with a stretch exponential function,?”’
the stretch parameter, and obtained lifetimes are shown in
Table S1, Supporting Information.
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S
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Figure 3. a) Time evolution of PLQY values of different perovskite layers, b) steady-state photoluminescence spectra of the same perovskite films, and

c) TRPL decay curves of the studied samples.
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Furthermore, we studied the lifetime of photoexcited free car- MAPbI;/PCBM/BCP/Ag). Figure 4a,b shows JV and SPO curves
riers in these perovskite films using time-resolved microwave  for the best performing solar cells with the optimized “new MAI”
conductivity (TRMC). In contrast to TRPL, TRMC probes not  recipe (“new MAI + add”), “old MAL” and “comm. MAI” The
only the radiative recombination events, but all the annihilation  solar cell performance parameters along with the SPO-derived
processes. TRMC reveals the change in conductivity of a sample  efficiencies are shown in Table 4. Graphical representation of
caused by photoexcitation. Free carriers were generated using a  the statistics of photovoltaic parameters extracted from the data-
532 nm laser (power: 36 mW cm™?). Detailed description of the  set of 24 devices for each variation is shown in Figure S10,
technique can be found in literature.**~*?! Decay curves for stud- ~ Supporting Information. The precursor solution applying the
ied samples are shown in Figure S9, Supporting Information.  “new MAI” powder delivers devices surpassing the performance
Carrier lifetimes determined from the fitting (Table S1, of cells made with the conventionally synthesized MAI. We
Supporting Information) were quite similar for all the samples  obtained the PCE of 15.4% for the “new MAI + add,” which com-
with slightly larger values (slower recombination) obtained for  pares with 13.4% and 13.3% for the “old MAI” and “comm.
the “new MAI + add” sample. Interestingly, all the lifetimes were =~ MALI,” respectively. The improvements in Jsc and Voc can be
much shorter than the observed PL lifetimes. The TRPL and  observed for the “new MAI + add” variation, consistent with
TRMC measurements were carried out with different light inten-  enhanced crystallinity and reduced recombination losses in this
sities, both being significantly smaller than 1 sun, where carrier ~ perovskite film, as shown earlier. The steady-state maximum
dynamics are dominated by trapping processes, which can make  power outputs display moderate drop in efficiencies compared

direct comparison of these two techniques difficult."**! with JV-derived values for all studied cells, reaching 15.06%
Next, we applied the same set of MAPDI; films into solar cells  for the optimized “new MAI” recipe.
and compared their photovoltaic performance. We used the p-i-n We also measured external quantum efficiency (EQE) for each

solar cell architecture, as described earlier (ITO/PEDOT:PSS/  cell variation. The spectra are shown in Figure 4c. Current
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Figure 4. a) JV characteristics of the best perovskite solar cells processed from different precursor solutions (MAI variations), b) SPO measurements of
the same devices, c) EQE spectra and integrated current density values of perovskite solar cells processed from the same precursor solution variations,
d) semi-log plot of the EQE onset used for Urbach energy determination.

Table 4. Photovoltaic parameters extracted from the current-voltage characterization measurements of the perovskite solar cells fabricated with different
precursor solutions.

Sample Jsc best (Jsc average = sp) [MA cm™?] Voc best (Voc average + s0) [V]  FF best (FF aierage + sp) [%] PCE best (PCE syerage =+ sp) [%] SPO best [%]
“old MAI” 18.24 (17.93 £ 0.60) 0.94 (0.94 £ 0.01) 81.39 (63.94 £+ 16.07) 13.44 (11.47 £ 2.47) 13.01
“new MAI + add” 19.92 (19.01 £1.11) 1.01 (0.97 £0.01) 78.92 (71.93 £ 7.62) 15.38 (14.03 £ 1.42) 15.06
“comm. MAI” 20.38 (18.55 +2.16) 0.91 (0.73 £0.34) 79.10 (69.93 £ 15.08) 13.29 (9.16 £5.13) 12.60
Energy Technol. 2020, 8, 2000478 2000478 (7 of 12) © 2020 Wiley-VCH GmbH
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density—voltage curves corresponding to these cells are shown in
Figure S11, Supporting Information. Integrated current densities
are comparable with the Jsc values extracted from the JV curves
(see Figure S11, Supporting Information), with the “old MAIL”
“new MAI + add,” and “comm. MAI” displaying current densities
of 14.1, 17.8, and 16.2 mA cm™?, respectively. The highest EQE
was recorded for the “new MAI + add” device. In addition, we fit-
ted the EQE onset curves and calculated Urbach energy values(E,,)
for each perovskite variation shown in Figure 4d. The Urbach
energy describes the level of electronic disorder in the semicon-
ducting material, where the lower values mean fewer absorption
sub-bandgap states, thus the better optoelectronic quality of the
material. " We obtained 11.80 meV for the “new MAI + add”
sample, which compares to 13.29 and 12.95meV for the “old
MAI” and “comm. MAL” respectively.

To understand better the origin of losses in the studied solar
cells as a function of MAI type, we carried out a range of additional
characterization methods on the same samples. First, we mea-
sured electroluminescence (EL) of devices made with a varying
MALI type (“old MAL” “new MAI + add,” and “comm. MAI").
In this measurement, forward voltage bias is applied to the device
terminals and emitted light is measured, so the solar cell is run in
an light emitting diode mode of operation. EL can provide infor-
mation about any changes to the radiative versus nonradiative
recombination processes in the device. Here, the comparison
of EL spectra of the three solar cell types reveals similarity of their
shapes and resembles well the photoluminescence of MAPbI;
(Figure 5a). However, registered maximal intensity of the EL emis-
sion was about three times smaller for the “old MAI” and “comm.

www.entechnol.de

MAI” samples than the “new MAI + add,” a clear indication of
higher quality of the perovskite film in the latter device. The tran-
sient EL intensities obtained for the applied 3 V bias are shown in
Figure 5b. In agreement with the EL spectra, the registered inten-
sity of the “old MAI” and “comm. MAI” cells are about 3 times
smaller than the “new MAI + add” sample. More importantly,
the behavior of the EL emission in time is different for all the three
sample types, as shown in Figure 5b. The emission intensity of the
“old MAI” device decreased fast during the first 8 s and stabilized
afterward. In contrast, the emission in the “new MAI 4 add”
device was more stable, with only small decrease in intensity over
time. Considering the timescale of the observed changes being in
the range of tens of seconds, it is reasonable to assume that the
variations in EL intensity are caused by migration of some species
inside the perovskite layer. The diffusion of ionic species in per-
ovskites have been widely reported in literature.**~*¥ We note that
the device samples used in this experiment were encapsulated, to
protect them from moisture, the condition that was recognized as
a source of fast and irreversible degradation in the presence of an
electric field.***% In contrast, it has also been shown that during
the decomposition of MAPbI;, iodine ions migrate toward the
anode, whereas iodine vacancies diffuse to the cathode. The accu-
mulation of both species near the electrodes creates build-in elec-
tric field, reverse to the applied external electric field. This
screening effect hampers the migration of both species inside
the perovskite and suppresses decomposition of MAPDI;, creating
a negative feedback.[*>" Therefore, we exclude the deterioration
of samples as the origin of observed EL variations in time. It
should be stressed that the nature of migrating species is not easy
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Figure5. a) EL spectra recorded at 3 V bias of perovskite solar cells processed from different precursor solutions; b) integrated EL intensities as a function
of time at a fixed voltage of 3 V for the same samples; c) current densities corresponding to transient EL from b) for the “old MAL,” “new MAI + add,” and

“comm. MAI” device type.
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to determine, as a variety of effects can be involved, like mobile
charges, mobile ions, defects and their passivation, solid-state reac-
tions (interaction with iodide-related defects and iodine vapor),
and so on.’" Figure 5c shows current densities as a function
of time for the three samples, which correspond to the integrated
EL intensities from Figure 5b. We notice that current densities of
the “new MAI + add” and “comm. MAI” are in the range of 0.38—
0.425 A cm ™2, whereas one of the “old MAI” is much higher, and
approaches 1 A cm 2. All the three curves are quite stable during
the entire measurement (applied 3 V forward bias), with a small
decrease in the case of “old MAI” and “new MAI + add” samples.
Confrontation of the current density time evolution (Figure 5c)
with the integrated EL intensity evolution (Figure 5b) indicates that
the ‘old MAI’ device is the least efficient emitter (for the highest
registered current density the smallest EL intensity is obtained). As
the current density values display similar magnitudes for the “new
MAI + add” and “comm. MAIL” we conclude that the improved
emission ability of the “new MAI + add” perovskite is responsible
for the higher EL intensity, which is also corroborated by the PLQY
measurements (Figure 3a).

Therefore, the optimized recipe with the newly synthesized
MALI introduces less nonradiative channels into MAPbI; when
compared with the formulation using conventional MAI syn-
thetic route, and consequently the intensity and stability of emis-
sion is enhanced. To get more in-depth insight into the
differences in trap-state density of MAPDI; perovskite layers
processed from different precursor solutions, we conducted
space-charge-limited current (SCLC) measurements. We fabri-
cated hole-only devices of the following structure: glass ITO/
PEDOT:PSS/MAPDI;/poly(triaryl)amine (PTAA)/Au. We used
the same MAI variations in the precursor solution as before,
namely the “new MAI + add,” “old MAL” and “comm. MAL”
Figure 6 shows JV curves obtained during the measurement (car-
ried out in dark). We can distinguish three regions in the plots:
ohmic region at low voltage bias, trap-filled limited region at
intermediate voltage bias, and space-charge-limited region at
high voltage bias.”? When the trap sites present in the photoac-
tive layer get filled up with the injected carriers, the current
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Figure 6. SCLC measurements of hole-only devices using perovskite layers
processed from different precursor solutions.
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values rapidly increase (trap-filled region). The inflection point
where the device operation mode changes to the trap-filled limit
can be described by Equation (6)

eN,I?
2¢e,€,

Ve = (6)
where e is elementary charge, ¢, is perovskite’s dielectric con-
stant, &, is vacuum permittivity, N, is trap state density in the
semiconductor’s layer, and L refers to perovskite film thickness.

Therefore, by defining the onset voltage point (Vrgr), we can
estimate the trap-state density in the photoactive layer and com-
pare between the layers processed from different precursor solu-
tions. We extracted the trap state densities of 2.44 x 10'°,
3.34x 10'°, and 5.89 x 10'°cm™>, for the “new MAI+add,”
“comm MAL” and “old MAI” respectively. The literature values
of defect densities in MAPbI; vary significantly depending on the
measuring method, typically reported in the range 10'°~10"” cm 3
when determined by optical techniques.®®) We note that these
defect density values should be rather used for a comparative anal-
ysis. It was recently reported that due to perovskites’ ionic nature,
the precise position of the inflection point can largely depend on
the experimental conditions (voltage scan rate, scan direction, tem-
perature).** The findings obtained from the SCLC measurements
are consistent with all the previous characterization methods, con-
firming superior optoelectronic properties of MAPDI; layer proc-
essed from the newly developed formulation (ultrapure MAI with
the controlled addition of impurities).

3. Conclusion

In summary, we have demonstrated a new synthetic route for
making methylammonium iodide free of phosphorus-based
impurities by avoiding the use of hydroiodic acid as a reagent.
We used such MAI powder as a component for making
MAPDI; perovskite thin films and applied these layers into a sim-
ple planar heterojunction solar cell architecture. The impurities
have a significant impact on the nature of the perovskite precursor
solution, which we studied with DLS technique. We developed a
new perovskite precursor composition based on pure MAI and
controlled amount of additives, which allows for fine-tuning the
properties of the colloidal solution, and in turn obtain improved
optoelectronic properties of the photoactive layer. With multiple
optical and electrical characterization methods, we have demon-
strated lower defect densities in such perovskite films and reduced
nonradiative recombination rates in respective devices. This work
highlights the importance of the interplay between the purity of
perovskite precursor components, precise solution composition,
and highly sensitive crystallization process of perovskite layers.
Other alkylammonium iodides (e.g., formamidinium iodide) used
for fabrication of various perovskite materials face similar prob-
lems, as their synthesis typically involves the use of stabilized
hydroiodic acid. We expect that the reported synthetic route will
motivate other groups to extend it to different alkylammonium
iodides for developing well-controlled precursor solutions, leading
to higher reproducibility and improved performance of solution-
processed perovskite solar cells.

© 2020 Wiley-VCH GmbH
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4. Experimental Section

Experimental details about the used characterization methods
(EQE, PL, EL, TRMC, DLS, SEM, XRD, and ICP-MS) are provided in
Supporting Information.

Materials: Unless otherwise stated, all the materials were purchased
from Sigma-Aldrich or Alfa Aesar and used as received. Methylammonium
bromide (MABr) was synthesized internally according to the previously
reported recipe.”® Methylammonium iodide (MAI) was synthesized inter-
nally (two different methods) and purchased from commercial supplier
(Lumtec and Solenne). Methylammonium hypophosphite (MAH,PO,)
was synthesized internally (as described in the text). Other materials used:
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate, PEDOT:PSS
(Al4083, Heraeus), [6,6]-phenyl-Cg;-butyric acid methyl ester, PCBM
(Lumtec), [6,6]-phenyl-Cgy-butyric styryl dendron ester, PCBSD (Nano-C),
silver pellets (Kurt Lesker). Lead acetate trihydrate, Pb(OAc),.3H,0
(Sigma-Aldrich) was dried before use to remove all the hydrated water.

Synthesis of Methylammonium lodide (Route with HI Reagent), “old
MAI”: Hydroiodic acid (57 wt% in water, stabilized with HPA, 80 mL,
0.58 mol) was poured through a dropping funnel into a methylamine solu-
tion (33 wt% in absolute ethanol, 107 mL, 0.87 mol) without any additional
solvent within the period of 20 min in 500 mL round-bottomed flask. The
reaction mixture was stirred at room temperature in a nitrogen atmo-
sphere for 3 h. The solvent was removed by a rotary evaporation until white
crystals started to appear. The product was collected and recrystallized in
absolute EtOH (=200 mL) and left overnight in a fridge. Precipitate was
collected and dried 6 h under vacuum (2 mbar) at 60 °C until stabile mass.
Obtained product was denoted as 1x recrystallized. To obtain higher
purity, recrystallized product was subjected to multiple recrystallization
steps. This had significant effect on the overall reaction yield. About
89% was obtained for the MAI 1x recrystallized, and only 43% for the
MAI 3x recrystallized.

Synthesis of Methylammonium lodide (Route without HI Reagent), “new
MAI”: In a 250 mL round-bottomed flask, immersed in a room tempera-
ture bath, 1 g of pure MAI (from previous batches of “new MAL,” the first
time “old MAI” 3x recrystallized was used) was dissolved in an absolute
EtOH, resulting in a clear solution. Then, molecular iodine (26.7 g,
105 mmol) was added, producing deep brown suspension, which got
mostly solubilized after 5 min. Then, formic acid (4.0 mL, 100 mmol)
was added at once. After that, slow addition of methylamine solution
(33 wt% in absolute ethanol, 31 mL, 0.25 mol) was started through a drop-
ping funnel. It was completed within 30 min, accompanied with the for-
mation of fumes and rise of the inner temperature. The temperature was
maintained below 80 °C by replenishing water bath. After fumes ceased to
arise, the reaction was kept at 80 °C for 2 h. After that time, reaction mix-
ture was dark brown (excess of iodine) and was evaporated to dryness.
Then, it was recrystallized from absolute ethanol (~50mL), and upon
cooling, additional 100 mL of diethyl ether was added. Precipitate was
collected and dried for 6 h under vacuum (2 mbar) at 60 °C until stable
mass yielding 27.6 g (87%) of white powder.

Synthesis of n-Octylammonium lodide (Route without HI Reagent): In a
round-bottomed flask, a portion of iodine (6.67 g, 26.25 mmol, 1 eq.) was
dissolved at once in 40 mL of absolute ethanol, resulting in a deep brown,
nontransparent solution, with a clear presence of iodine particles. After
5 min all the solids dissolved, making a brown solution. Then, formic acid
(1.00 mL, 25 mmol, 0.97 eq.) was added to the mixture, no changes were
observed. Subsequently, dropwise addition of octylamine was carried out
(10.77 mL, 65 mmol, 2.6 eq.). Every added drop caused foaming and heat-
ing of the solution (reaction is exothermic). The bubbling was only
observed after the octylamine addition, because the consumption of Hl
generated in situ greatly accelerates the rate of its formation. After the
addition was completed, the reaction mixture was still brown. The solution
was heated at 80 °C for 2 h. After that time, the color faded a little bit, but
was still vivid due to the use of over-stoichiometric amount of iodine in
respect formic acid. The excess of iodine is important to avoid the forma-
tion of octylammonium formate as a side product. The reaction mixture
was evaporated on a rotary evaporator under reduced pressure (30 mbar,
heating bath 50 °C), leaving a yellow-brown solid, which was subsequently
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solubilized in a boiling absolute ethanol (=1 mL/1 g of expected product).
When the mixture cooled down to room temperature, diethyl ether was
added to precipitate higher fraction of the product. The precipitate was
filtered and thoroughly rinsed with diethyl ether until the white color pow-
der was obtained. The solid was dried under vacuum (<0.2 mbar) for 5 h.
The yield of the reaction was 9.75 g (76%).

Synthesis of Formamidinium lodide (Route without HI Reagent): In a
round-bottomed flask a portion of iodine (12.07 g, 26.25 mmol, 1 eq.)
was dissolved at once in 60 mL of absolute ethanol, resulting in a deep
brown, nontransparent solution, with a clear presence of iodine particles.
After 5 min all the solids dissolved, making a brown solution. Then, formic
acid (1.84 mL, 46.1 mmol, 0.97 eq.) was added to the mixture, all the
amount at once, no changes were observed. Subsequently, formamidi-
nium acetate (10.41 g, 100 mmol, 2.1 eq.) was added at once. The reaction
mixture was heated to 50 °C and kept at this temperature for 12 h. After
that time, the reaction mixture was evaporated on a rotary evaporator
under reduced pressure (30 mbar, heating bath 50 °C), leaving a yellow-
brown solid, which was subsequently solubilized in a boiling absolute eth-
anol (=1 mL/1 g of expected product). When the mixture cooled down to
room temperature, diethyl ether was added to precipitate higher fraction of
the product. The precipitate was filtered and thoroughly rinsed with diethyl
ether until the white color powder was obtained. The solid was dried under
vacuum (<0.2 mbar) for 5 h. The yield of the reaction was 13.32 g (82%).

Synthesis of Methylammonium Hypophosphite (MAH;PO3): In a 100 mL
round-bottomed flask, hypophosphorous acid (H3PO,, 50% in H,O,
5.45 mL, 50 mmol) was poured through a dropping funnel into a methyl-
amine solution (33 wt% in absolute ethanol, 12.45mL, 100 mmol) in
50mL of H,0O, within the period of 5min under inert atmosphere.
After stirring for 90 min in an ice bath, the solvent was removed by a rotary
evaporation at 100 °C. The obtained MAH,PO, was a transparent viscous
liquid (m=4.68 g, y =96%).

Device Fabrication: The perovskite precursor solution was prepared by
dissolving methylammonium iodide (old MAI, new MAI, or commercial
MAI) (304.15mg), anhydrous Pb(OAc), (166.5mg), and PbCl,
(35.58 mg) in 1 mL of DMF. About 46 pL of dimethyl sulfoxide was added
(1:1 molar ratio with respect to Pb). The molar ratio of the components,
MAI:Pb(OAc),:PbCl, was 3.0:0.8:0.2, with the total concentration of 35 wt%.
The MAH,PO, salt was added in varied amounts (0.1-2 wt% with respect
to MAI). In the end, the following compounds were added to the precursor
solution: MABr (1.5 mol% with respect to Pb), PCBSD (concentration:
0.5mgmL™"), ethyl 2-cyano acrylate, E2CA (concentration: 5 mgmL™").
For the colloidal solution studies (DLS, Tyndall effect), simpler version
of the above ink was prepared. Methylammonium iodide (old MAI, new
MAI, or commercial MAI) (304.15 mg), anhydrous Pb(OAc), (166.5 mg),
and PbCl, (35.58 mg) was dissolved in 1 mL of DMF.

ITO-patterned glass substrates (2.0 x 1.5 cm?, Lumtec) were cleaned by
sequential sonication in aqueous Hellmanex solution (Hellma analytics),
DI water, acetone, and IPA for 10 min. The as-cleaned ITO substrates were
then treated with O, plasma for 2 min. PEDOT:PSS solution with ammo-
nium metatungstate hydrate (AMH) additive (5 vol% of AMH with respect
to PEDOT:PSS solution) was spin coated at 7000 rpm and annealed for
35min at 130°C. Subsequently, the samples were transferred to the
nitrogen-filled glovebox. The perovskite precursor solutions were coated at
3000 rpm for 30's. In the past 2 s of the spin-coating process, the nitrogen
gas blowing was applied to the sample. After the spin coating was finished,
the samples were left for another 2.5 min at room temperature, and then
placed on a hot plate at 95 °C for 15 min. The PCBM solution was prepared
in chlorobenzene (20 mg mL™"), with the following additives: (dimethyloc-
tadecyl[3- (trimethoxysilyl)propyllammonium chloride [DMOAP], 0.7 wt%
with respect to PCBM) and (poly(methyl methacrylate) [PMMA], 3 wt%
with respect to PCBM). The PCBM solution was spin coated at 2000 rpm
for 30's, and then annealed at 60 °C for 10 min. Finally, 5 nm of BCP and
100 nm of Ag electrode were thermally evaporated on top of devices at
~107% bar, through a shadow mask. For SCLC measurements, the samples
were prepared in the same manner up to perovskite layer. PTAA (Ossila)
solution (2 mg mL™" in toluene) was spin coated at 5000 rpm for 30's. The
samples were finished with 95 nm of Au thermally evaporated on top at
~10°bar, through a shadow mask.

© 2020 Wiley-VCH GmbH
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Current—Voltage Measurements: JV characterization and SPO measure-
ments were carried out using a Keithley 2461 source measure unit (SMU)
under simulated AM1.5G irradiation (100 mW cm™?) using an AAA-rated
solar simulator (Abet Technologies, sun 2000) calibrated against an
RR-208-KGS5 silicon reference cell (Abet Technologies). The mismatch fac-
tor for the studied perovskite solar cells was calculated to be 0.968 using
EQEs of the reference and test cells, lamp’s spectrum, and AM1.5G), and
this value was used to correct the intensity of the solar simulator lamp to
provide one-sun illumination.”® Solar cells were masked to 0.06 cm?.
JV measurements were carried out in two scan directions, from forward
bias to short circuit and from short circuit to forward bias. The scanning
rate was set to 500 mVs™'. The SPO was measured at the maximum
power point voltage for a duration of 30s.

For the SCLC measurements, JV curves of hole-only devices were mea-
sured in dark, scanning from 0 to 5V, at a scan rate of 10 mV s,
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Abstract: In recent years, there has been a dynamic development of photovoltaic materials based
on perovskite structures. Solar cells based on perovskite materials are characterised by a relatively
high price/performance ratio. Achieving stability at elevated temperatures has remained one of the
greatest challenges in the perovskite solar cell research community. However, significant progress in
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new approach for the rapid analysis of the changes occurring in time in perovskite structures
was developed. We implemented a quick and inexpensive method of estimating the ageing of
perovskite structures based on an express diagnosis of light reflection in the near-infrared region.
The possibility of using optical reflectance in the NIR range (900-1700 nm) to observe the ageing
of perovskite structures over time was investigated, and changes in optical reflectance spectra of
original perovskite solar cell structures during one month after PSC production were monitored. The
ratio of characteristic pikes in the reflection spectra was determined, and statistical analysis by the
two-dimensional correlation spectroscopy (2D-COS) method was performed. This method allowed
correctly detecting critical points in thermal ageing over time.

Keywords: perovskite solar cell degradation; NIR Spectroscopy; optical reflectance; express-measurement

Published: 26 July 2022 method; the two-dimensional correlation spectroscopy

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in
published maps and institutional affil-

o 1. Introduction
iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

The development of photovoltaics is still generally costly. This also applies to the
production of photovoltaic systems and the installation of such systems for the production
of electricity. According to the latest report of the Fraunhofer Institute of Solar Energy
Systems ISE [1] dated 24 February 2022, the total PV Market growth during one year, from
the end of 2020 to the end of 2021, accounted for approximately 27% (from 144 GW to
183 GW), with the total installed capacity at the end of 2020 exceeding 700 GW, and the
total global energy production (PV Power Generation) amounting to 855.7 TWh. Compared
to other thin film technologies, organic-inorganic hybrid halide-based perovskites have
received widespread attention from researchers due to the rapid improvement in their
power conversion efficiencies (PCE), which rose from 3.8% in 2009 to 25.5% in 2021 [2-6].
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In this general progress of PV development, simultaneously with the traditional tech-
nologies based on monocrystalline and multicrystalline silicon and other typical thin-film
technologies such as CIGS and CdTe, other technologies have progressed, based on the
use of materials that, according to the NREL terminology [2], are referred to as emerging
materials and include perovskite-based photovoltaic materials and structures. The highest
efficiency of perovskite solar cells achieved in the last seven years increased from 14%
(EPFL) in 2014 to 26.1% (INST) [7] in 2022 and even to 29.6% (NZB) for tandem perovskite
solar cells [8]. These values are comparable with those of the most efficient silicon-based
cells [2]. The success associated with achieving very high-performance indicators for the
best perovskite cells and the low cost of producing cells with average performance indi-
cators comparable to those of commercial silicon or thin-film cells provide the basis for
forecasting a significant share of perovskite cells and systems in photovoltaic systems in
the near future. Despite being a highly promising class of semiconductors, perovskite
materials suffer from various types of mechanical and thermal-based degradation, which
has hindered their commercialisation. Elevated temperatures and hygroscopic conditions
can lead to the evolution of organic volatile chemical species leading to the formation of
lead-based iodides [9-12]. In addition, perovskite materials display low fractal energy, and
perovskite-based solar cell architectures consist of multiple charge transport layers with
highly mismatched coefficients of thermal expansion (CTE), making them easily prone to
delamination [13-15]. However, thanks to new achievements of composition engineering,
especially robust encapsulation strategies, perovskite solar cells are capable of achieving
over 1000 h of stability under thermal, humidity and light-based stresses [14,16].

In connection with the above, the rapid and effective analysis of changes in the
time domain in perovskite structures is essential for the entire technological spectrum of
perovskite solar cells.

There are several effective methods for controlling the quality and performance of PV
structures at different stages of their production, which are also used for the analysis of
perovskite cells. These methods are also used in the analysis of the degradation of structures
and links in the time domain. Among these methods, it is worth highlighting photo
and electroluminescence methods [17-19], X-ray methods, especially X-ray diffraction
(GIWAXD) and high-resolution X-ray photoelectron spectroscopy (HR-XPS) [18-20], and
optical spectroscopic methods VS/NIR, in particular the FTIR method [18,19,21].

These methods, especially when applied in combination, are very effective and allow
for a profound explanation not only of the parameters characterising changes in cell
structures over time, but also of the physical mechanisms of this process.

It should be emphasised that, currently, the application of these methods requires a
quite complex and expensive equipment. This limits the expressiveness and mobility of
measurements of specific solar cell structures necessary for long-term cell analysis.

An attempt to propose such a quick and inexpensive method of estimating the ageing
of perovskite structures with time was undertaken in this paper, based on the express
diagnosis of the spectrum of light reflection in the near infrared (900-1700 nm) from
perovskite solar cells, analogically to a method previously used [22,23]. The applied
method uses miniature, very mobile equipment, allows us to conduct and record a six-fold
measurement of the entire spectrum in a few seconds and is characterised by exceptional
mobility and simplicity. Such approach, having an obvious limitation as to the depth of
the analysis of the processes involved, opens a new path for the practical analysis of the
temporal stability of perovskite solar cells.

2. Samples and the Method of Measurement

Materials: Unless otherwise stated, all the materials were purchased from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany) and used as received. Silver pellets were
obtained from Kurt Lesker Company Ltd. (Dresden, Germany); PET substrates coated with
IZO (sheet resistance of 15 Qcm™!) were obtained from Eastman Chemical B.V. (Rotterdam,
The Netherlands), formamidine iodide was obtained from Ajay North America (Powder
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Springs, GA, USA), and poly-triarylamine (PTAA) from Ossila BV (Leiden, The Nether-
lands). Methylammonium bromide was synthesised in house using a reported method [24].
The chemical component [6,6]-phenyl-C61 butyric acid n-hexyl ester (PCB6) was obtained
from Nano-C.

Planar heterojunction PSCs were fabricated with the following architecture: ITO/
PTAA/CSO‘(M(MAO.17FAO‘83)0.96Pb(10.83B1‘0‘17)3 /PCB6/Ag First, a PTAA solution (1.5 mg/mL
in toluene) was spin-coated at ambient conditions at 5000 rpm for 30 s, followed by annealing
at 100 °C for 10 min (=20 nm thick). Subsequently, the samples were transferred into a
nitrogen-filled glovebox for perovskite layer deposition. For perovskite precursor preparation,
stock solutions of Pbl, and PbBr; (1.5 M) in a dimethylformamide (DMF)/dimethyl sulfoxide
(DMSO) mixture [4:1 v/v] were prepared. Then, for the FAPbl; and MAPbBr; solutions, FAI
and MABr powders were weighed into separate vials, followed by the addition of Pbl,
(into FAI) and PbBr; (into MABr) solutions. Both lead solutions were added in excess to
obtain an over-stoichiometric lead content (FAI/MABr:Pbl, /PbBr; equals 1.0:1.09). The
final perovskite precursor solution was prepared by mixing the solutions of FAPbl3 and
MAPDBr; in a 5:1 v/v ratio. Then, 40 uL of a Csl solution (1.5 M solution in DMSO) was
added to 1 mL of the mixture. A perovskite layer (=580 nm thick) was deposited on top
of PTAA with a two-step spin-coating procedure, at 650 rpm for 2 s and 4500 rpm for
32 s. Anhydrous diethyl ether (150 uL) was dispensed on the sample in the last 11 s of the
spinning sequence. The sample was dried for two minutes, then annealed for ten minutes
at 50 °C and then annealed for 60 min at 100 °C for the final crystallisation. For the electron
transport material (PCB6), a PCB6 solution (20 mg/mL in chlorobenzene) was spin-coated
at 4000 rpm for 30 s and annealed at 60 °C for 10 min. Finally, 5 nm of BCP buffer layer and
95 nm of Ag electrode were deposited on the top of the devices by thermal evaporation
at ~107% mbar, through a shadow mask.

A schematic of the perovskite solar cell stack is shown in Figure 1, and a view of a
cross section of a typical solar cell structure was investigated. The chosen parameters of the
measured solar cell structures are listed in Table 1.

PEROVSKITE -

500nm

(b)

Figure 1. A cross section of the perovskite solar cell stack (a) and a SEM view of cross section (b).

Current-voltage measurements: J-V characterisation and stabilised power output
measurements were performed using a Keithley 2461 source measure unit (SMU) under
simulated AM1.5G irradiation (100 mW/cm?) using an Sun 3000 AAA-rated solar simula-
tor (Abet Technologies Inc., Milford, CT, USA) calibrated against an RR-208-KGS5 silicon
reference cell (Abet Technologies Inc.). The mismatch factor for the studied perovskite
solar cells was calculated to be 0.968 using external quantum efficiencies (EQEs) of the
reference and test cells, lamp’s spectrum and AM1.5G, and this value was used to correct
the intensity of the solar simulator lamp to provide one sun illumination [25]. Typically,
the PCE efficiency was about 18% under AM1.5.
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Table 1. Table describing the investigated samples.

Sample Ag Electrode
S1 Yes
S2 Yes
S3 Yes
S4 Yes
S5 No
S6 No
S7 No
S8 No

DLP NIRCAN Measurements: The DLP NIRSCAN NANO device, a compact spec-
trometer from Texas Instruments, Dallas, TX, USA, operating in the wavelength band from
900 to 1700 nm, was used to record spectra. Its dimensions, 58 mm x 62 mm x 36 mm,
and the absence of an external power source make it possible to perform mobile spectra
measurements [26]. The device works in reflectance mode. Reflectance (R) is the ratio
between the intensity of light reflected from the sample (I) and the intensity of reflected
background light or of light reflected from a reference surface (I,) [22]:

R = Ly 100% 1)
Ly

The main advantages of the device are its mobility and capability to perform measure-
ments under various conditions.

The standard software, compatible with a PC running on a Windows operating sys-
tem, enables registration, acquisition and data visualisation. It is possible to control the
device using a mobile application via the Bluetooth standard. The spectrometer can register
228 measurement points in the wavelength band from 900 to 1700 nm within 2.63 s, repeat-
ing the measurement six times for every point, then calculating the mean for a given point.
The result is presented in a dialog window of the software in the form of a chart or file in
DAT or CSV format. The number of scans can be changed, which directly influences the time
of measurement.

Figure 2 presents the principle of the device’s operation and how it performs measure-
ments. The sample situated near the spectrometer’s window is illuminated by two light
sources in the form of lightbulbs controlled by the device’s controller.

Micro Lamp

Figure 2. Method of performing measurements in reflectance mode.

The reflectance spectrum of the lightbulbs from the reference surface is known and
saved in the device’s memory. Depending on the tested object, a specific part of the light is
absorbed by the sample, a certain amount is scattered, and a part of the light is reflected
off the object’s surface into the slit of the device. Further on, the light goes to the optical
system in the process, where it is split by a diffraction grating and directed by a lens to the
DMD micro-mirror array, which directs the light in a particular sequence to the detector,
where it is processed into an analogue signal [23].
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3. Results and Discussion

Figures 3 and 4 show the results of the measurement of the reflectance spectrum
of PSC structures (perovskite solar cells) made consistently every 24 h under identical
conditions using the Express NIR San method from the foil side and the electrode side.
The measurements started within about seven days from the production of the structures
tested. From end of production to the commencement of the measurements, the samples
were stored in hermetic packaging under a nitrogen atmosphere.

Reflectance
°
R

1600
1400

1200

- 1000
time, day 0 Wavelength, nm

(a) (b)

Figure 3. Development of the reflectance spectra of sample S1: (a) foil side excitation, (b) electrode
side excitation. One color groups data measured during one day.
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Figure 4. Development of the reflectance spectra of sample S6: (a) foil side excitation, (b) electrode
side excitation. One color groups data measured during one day.

From the formal analysis of the obtained data, it was observed that the characteristic
reflection spectrum from the active side (foil side) contained two peaks, one in the region
of about 1100 nm, and the other in the region of about 1600 nm. Over time, the spectrum
transformed slightly, and the relative intensity of the peak’s changed. The objective pa-
rameter of these changes could not be described by the peak intensity alone, because the
simplified measurement method used did not allow to determine the absolute value of
the reflected light with high accuracy. However, the parameter of the relative strength of
the peaks could be used as a ratio of the intensity of the reflected light in selected areas of
the spectrum.

To objectively select these areas, the two-dimensional correlation spectroscopy (2D-
COS) method [27] was applied. The 2D-COS approach examines the correlations that may
exist between the time-varying reflectance spectra. The intensities of the peaks laying on
the main diagonal of the 2D-COS synchronous spectrum (autocorrelation spectrum) are
proportional to the relative extent of changes in the original spectra. The wavelengths
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of the most and the least intense peaks observed on the main diagonal of the 2D-COS
synchronous spectrum were chosen for the calculation of the reflectance ratio vs. time:

Rratio(t) = R(t, Amax)/R(tr )\min)

where:

t—time, Amax, Amin—Wwavelengths of the most and the least intense peaks on the main
diagonal of the 2D-COS synchronous spectrum.

The raw reflectance data were used for 2D-COS synchronous spectrum calculation
according to the equation [28]:

1
m—1

= A, N)TA(L ) )
where: A(t, A) is the m x n array of reflectance spectra data, m is the number of measure-
ments, n is the number of points in the spectrum.

As a result of such analysis, it was possible to generate a series of 2D charts (the 2D-
COS synchronous spectra) in which it was possible to determine the areas corresponding
to the ranges on the reflection spectra, the intensity ratio of which was most sensitive to
changes in the transition from spectrum to spectrum, in other words in the time domain.
These 2D plots are shown in Figure 5 for the selected sample group (samples S2 and S6).
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Figure 5. 2D-COS synchronous spectra of the samples S2 (¢,d) and S6 (a,b). (a,c) Foil side excitation;

(b,d) electrode side excitation.

The analysis of the 2D-COS synchronous spectra showed that the spectra most sensi-
tive to changes in the intensity ratio were not the same for the individual analysed samples
and also depended on the side of the sample from which the reflection spectrum was
measured, from the foil side or the electrode side.

We observed that: first, samples without the sputtering electrode had a similar re-
flectance spectrum regardless of the side from which the reflection was measured; second,
the most substantial peak of the reflected light intensity lay in the region of 900-1000 nm
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(Figure 5c,d), while the exact location of the file was not stable from sample to sample
and for the same sample over time. In diagram Figure 5b, there is a characteristic area
of 1050-1150 m (the orange area in the chart). In the remaining areas, the 2D-COS syn-
chronous spectra characteristics are similar to the characteristics presented in Figure 5c,d.
The characteristic in Figure 5a obtained during the measurements from the Ag foil side was
completely different from the others and did not undergo any noticeable changes in the
time domain.

The analysis of the 2D-COS synchronous spectra allowed us to select the optimal
spectral regions to determine the Ry,ti0(f) parameter for a series of measurements for each
of the measured samples. These results are shown in Figures 6a, 7a, 8a and 9a in the
form of the autocorrelation spectra (main diagonal of the 2D-COS synchronous spectrum).
and the dependence of the Ri,tjo(t) parameter in the time domain over 720 h is shown in
Figures 6b, 7b, 8b and 9b. In Figures 6b, 7b, 8b and 9b, the R;atio(f) parameter was normalised,
to compare the results, to a value of 1.0 at the measurement start point (for ¢ = 0).
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Figure 6. (a) Autocorrelation spectra (main diagonal of the 2D-COS synchronous spectrum) of
samples without the Ag electrode (S5, S6, S7 and S8), excited from the foil side; the spectral region for
the calculation of the parameter Ry, (t) Was: Ryatio(£) = R(t, 1000 nm)/R(t, 1550 nm). (b) The Riatio
vs. time.
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Figure 7. (a) Autocorrelation spectra (main diagonal of the 2D-COS synchronous spectrum) of
samples without the Ag electrode (S5, S6, S7 and S8), excited from the electrode side. (b) The R;a4tio
vs. time.
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Figure 8. (a) Autocorrelation spectra (main diagonal of the 2D-COS synchronous spectrum) of
samples with the Ag electrode (S1, S2, S3 and S4); excited from the foil side. (b) The R;,, vs. time.
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Figure 9. (a) Autocorrelation spectra (main diagonal of the 2D-COS synchronous spectrum) of
samples with the Ag electrode (S1, S2, S3 and S4); excited from the electrode side; the spectral region
for the calculation of the parameter Ryatio(f) Was: Ryatio(t) = R(t, 1400 nm)/R(t, 1500 nm). (b) The
Riatio Vs. time.

According to the autocorrelation spectra presented in Figure 7a, the chosen spectral
regions for calculating the parameter Ry, (f) were recorded as follows:
S1: Ryatio(f) = R(t, 1278 nm)/R(t, 1583 nm)
S2: Ryatio(f) = R(#, 1321 nm)/R(#, 1583 nm)
S3: Riatio(f) = R(t, 1314 nm)/R(¢t, 1583 nm)
S4: Riatio(f) = R(t, 1268 nm)/R(#, 1583 nm)

As can be seen, the measurements of the Ry, (t) parameter varied over time, for this
series of samples lacking a sputtered silver electrode, up to a maximum of 300%. The
nature of the changes was very similar to that observed in the two series of measurements
presented in Figures 5 and 6, regardless of the side from which the sizes of the reflection
spectrum were determined. It can be concluded that the critical areas on the measure-
ment time axis were approximately 4-6 days and 22-24 days. Under these measurement
conditions, assuming that the parameters of the transparent film did not change, it can
be concluded that the changes in the Ry, (f) parameter may be directly related to the
changes in the optical properties of the perovskite layer and, in a sense, represent its
so-called ageing.

According to the autocorrelation spectra presented in Figure 8a, the chosen spectral
regions for the calculation the parameter Ry, (f) were the following:

e S1: Ruio(f) = R(t, 1059 nm)/R(t, 1332 nm)
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S2: Ryatio(f) = R(#, 1108 nm)/R(#, 1397 nm)
S3: Riatio(t) = R(t, 1176 nm)/R(t, 1397 nm)
S4: Ryatio(f) = R(t, 1128 nm)/R(¢, 1397 nm)

As can be seen from Figure 9b, which presents the measurements from the Ag foil
side, significant changes in the Ry,ti0(f) parameter were not observed over time, i.e., the
parameter fluctuations did not exceed 2%.

The results presented above indicate that in the reflectance spectra measured with the
use of the express-measurement method using the DLP NIRSCAN NANO spectrometer,
the parameter Ri,ti0(f) = R(t, A nm)/R(f, A, nm) can be determined, which can characterise
changes in the optical characteristics of light reflection from the perovskite solar cell
structure over time and be a specific ageing parameter of the cell. The obtained data show
that this process is not monotonic. In the applied tracking area, the most characteristic
changes were observed after 4-5 and 21-22 days from the start of the measurements
(12-12 and 28-29 days from the production date). Obviously, introducing this type of
measurement into the production cycle and starting the measurements immediately after
the production of cell structures may provide a result that can be directly applied and
considered in the technological process.

4. Conclusions

The spectra of optical reflectance in the NIR range for perovskite cell structures were
analysed. Due to the possible changes in the absolute values of the spectra, the ratio of
the reflectance for the wavelength for which the most significant changes were observed
over time to the reflectance for the wavelength for which the most minor changes were
observed was selected as an indicator for the evaluation of cell ageing. The 2D-COS
method was used to determine the wavelengths. Two groups of samples (without the
sputtered silver electrode and with the sputtered electrode) were characterised by the
different shapes of the spectra and the different shapes of the reflectance ratio as a function
of time. The reflectance ratio characteristics were similar for samples without a sputtered
silver electrode, regardless of the surface (the side with the foil and the side with the active
layer) on which the reflectance was measured. The greatest changes in reflectance were
observed in the region between 1000 nm and 1350 nm, and the smallest changes in the
region around 1600 nm. Characteristic differences in the reflectance ratio over time were
observed after 4-5 days and 22-24 days. The most significant changes in the reflectance
ratio after 30 days amounted to 300%. Much more minor changes in the reflectance ratio
were observed for the samples with the sputtered silver electrode. For measurements from
the foil side, the ratio changes amounted to a maximum of 25% after 30 days of measures
and to a maximum of 3% for sizes from the silver foil side. Hence the conclusion is that the
silver electrode protects the active layer against degradation to some extent. The presented
method allows finding the moment at which changes in the physicochemical properties of
the cell’s active layer appear in a non-destructive and contactless way at any stage of the
cell production.

In relation to the physical mechanism of the changes in the spectra, the most common
degradation pathway is the generation of iodine vapour, I—which has low defect formation
energies [29]. When under storage at ambient conditions, the iodine vapour could escape
the perovskite lattice causing further degradation [30].

Metal-based counter electrodes could prevent this to a certain extent [31]. However,
under illuminative or electrical stresses, the reaction of metal electrodes with iodine is
a cause of defect formation due to the exhaustion of iodine from the perovskite lattice
under the influence of an electric field [32]. We still have to carry out future experiments to
quantify the chemical species observed by NIR reflection spectroscopy.

The applied method uses miniature, very mobile equipment. It allows us to conduct
and record a six-fold measurement of the entire spectrum in a few seconds and is charac-
terised by exceptional mobility and simplicity. Such approach, having an obvious limitation
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as to the depth of the analysis of the processes involved, opens a new path for the practical
study of the temporal stability of perovskite solar cells.
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Solution-processable perylene diimide-based
electron transport materials as non-fullerene
alternatives for inverted perovskite solar cells¥

German Soto Perez,? Shyantan Dasgupta,®® Wiktor Zuraw, & °f
Rosinda Fuentes Pineda,“ Konrad W%ciechowski,@bc Lethy Krishnan Jagadamma,®
Ifor Samuel @9 and Neil Robertson & *2

Perylene diimide derivatives with different functional groups (OR) in the bay position were synthesised (PDI-
1, OR = OCgH4,OMe; PDI-2, OR = OCgH4CH,CH,;NHBoc; PDI-3, OR = OCgH4CO,Me) and their
optoelectronical properties were characterised. The derivatives were applied as alternative electron
transport materials (ETMs) to replace the commonly used PCBM in inverted perovskite solar cells (PSCs).
Devices with the structure ITO/PTAA/Csg.04(MAg17FA0 83)0.96Pb(l0.83Bro17)s/ETM/Ag (ETM = PCBM or
PDI-1, -2 or -3) were fabricated through solution processing techniques. A competitive power
conversion efficiency (PCE) of 16.8% was obtained for the PDI-3-based device, which was comparable
to the PCBM-based device with PCE of 17.3%. It was found that the electronic nature of the functional
groups plays an important role in the charge extraction and band alignment of these small molecular

rsc.li/materials-a semiconductors.

Introduction

Over the last decade, perovskite solar cells (PSCs) have
demonstrated their enormous potential in the photovoltaic
field with simple and low-cost fabrication and a remarkable
increase in power conversion efficiency from 3.8% in 2009 (ref.
1) to the current record of 25.5%.> Although the inherent
properties of the organic-inorganic halide perovskites make
them outstanding photoactive materials, a great contribution to
the rapid development of PSCs is due to the research in device
architecture, interface engineering and tailoring of charge
transport materials.>® Unlike their dye-sensitised solar cell
(DSSCs) predecessor, PSCs were found to perform better when
the perovskite absorber is sandwiched between solid charge
transport materials; commonly, TiO, as electron transport
material (ETM) and 2,2',7,7'-tetrakis-(N,N-dip-methoxyphenyl-
amine)-9,9’-spirobifluorene (spiro-OMeTAD) as hole transport
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material (HTL) are used in an ITO/ETM/perovskite/HTM/Au
configuration, also known as a regular or n-i-p architecture.®
In particular, TiO, prevailed as ETM due to its suitable
conductivity (0.11 x 10™* S em™')” and favourable conduction
band level (—3.9 eV). However, its photocatalytic nature, its ease
of surface defect formation and the high temperature process-
ing, requiring ~500 °C, hinders large-scale manufacturing and
limits the choice of substrates.

In order to overcome such drawbacks, perovskite-based
absorbers have been studied in other device architectures,
such as that akin to organic photovoltaics (OPVs), in which the
organic semiconducting absorber layer was substituted by
CH;NH,;PbI; (MAPI) while leaving the PCBM ETM and
PEDOT:PSS HTM unmodified, delivering an initial efficiency of
3.9%.% A key point of this PSC was the inverted order of the ETM
and HTM within the device compared to the regular architec-
ture which gave birth to an inverted PSC (p-i-n) with an ITO/
HTM/perovskite/ETM/Ag configuration. The organic nature of
the transport materials enabled the use of flexible substrates
due to their low temperature processing (<150 °C). The study of
these inverted perovskite solar cells (i-PSCs) notably pushed the
efficiency to 20.9% (ref. 9) within a few years. However, since
most of the initial attention was drawn to device optimisation
and interface engineering, the materials inherited from the
initial OPV architecture remained, and most studies still rely on
fullerene-based organic semiconductors due to their effective
performance.

Although fullerenes possess good energy alignment and
suitable electron mobility, the lack of other desirable features

This journal is © The Royal Society of Chemistry 2022
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such as thermal and photochemical stability and cost-effective
preparation and purification, remain drawbacks for these n-
type organic semiconductors. Compared to fullerenes, non-
fullerene organic semiconductors have shown better stability,
simpler and more straightforward synthetic procedures and
enhanced processability, in addition to low-cost production.*®
For instance, polymers have been widely studied due to the
tunability of their electronic properties, as well as the modula-
tion of film morphology and tailored compatibility with the
other layers in the device, which leads to improvement in effi-
ciency and stability, however, their typical poor electron
mobility requires the use of very thin layers (~5 nm) hindering
their large-scale application.” Compared to their polymeric
counterparts, small molecule semiconductors possess adjust-
able packing, monodispersity, high synthetic reproducibility
and tunable conductivity. Naphthalene diimides are major
representatives of this kind of molecule in inverted PSCs; their
commercial availability, ease of synthesis and high solubility in
several organic solvents, makes them excellent building
blocks.” Other m-conjugated systems have so far been less
explored, such as perylene diimide derivatives, which have
recently attracted a lot of attention as n-type organic semi-
conductors with high electron mobility (~8 x 10> ecm*V ' s™*
for single crystals)*® and high thermal, chemical and photo-
chemical stability.**® Perylene derivatives have the advantage
of tunability of their optoelectronic properties through simple
structural modifications, alongside easy and low-cost synthesis
and purification with high yields and reproducibility, making
them suitable substitutes for expensive and unstable fuller-
enes.'”*® Previous studies have shown the potential of PDIs as
ETMs through the use of different functional groups attached to
alkyl chains in the imide position,'*>* Click or tap here to enter
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Fig. 1 (a) Molecular structure of the different PDI electron acceptors
tested as ETMs, (b) energy band diagram of each material used in the
perovskite solar cell.
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buffer layer or additive either through solution®**®
tion techniques.*

In this study, three highly soluble perylene diimide electron
acceptor molecules (Fig. 1a) were designed based on the core
contortion approach,** making them suitable for solution-
processing technique while at the same time avoiding the use
of long isolating alkyl chains. PDIs with four substituent groups

or evapora-

in the bay position have received limited attention in PSCs****

despite the potential advantages in solubility while maintaining
suitable pi-interactions. Their synthesis was carried out through
the initial reaction of benzylamines in the imide position and
further attachment of different functional groups at the bay
positions of each molecule (Fig. 1a). Their optoelectronic
properties were characterised and performance as ETMs
studied in an inverted perovskite solar cell with the layout
Glass/TTO/PTAA/CS.04(MAg.17FAg 53)0.06Pb(Io.53B0.17)3/PDI/BCP/
Ag to assess them as potential alternatives to the commonly
used PCBM.

Experimental section
Synthesis

Compound 1 was used as starting material for the three different
PDI derivatives, it was synthesised following the procedure
developed by R. K. Dubey et al.*> Compounds 2 and 3 were syn-
thesised from compound 1 by sequential reactions with the cor-
responding benzylamine following literature procedures.**>*

PDI-1. Compound 2 (0.4 g, 0.54 mmol), 4-methoxyphenol
(0.34 g, 2.7 mmol) and K,CO; (0.19 g, 1.35 mmol) were mixed in N-
methylpyrrolidone (NMP) (8 ml). The reaction was stirred at
120 °C for 68 h under N,. After cooling to room temperature, the
mixture was added dropwise to 40 ml of 1 M HCI solution and
vigorously stirred for 1 hour at room temperature. The solid was
separated by filtration and successively washed with water and
methanol. The product was dried under vacuum and purified by
chromatographic column with eluent DCM : MeOH [99 : 1] on
neutral Al,O;. The final product was obtained as a purple powder
(0.273 g, 46.3% yield). (ESEMS): [M + H] calculated for
CesHy47014N,:  1091.3021 and [M + Na]® calculated for
CeeHu6014N,Na: 1113.2841; found, 1091.2973 and 1113.2862
respectively. Elemental analysis (CHN) calculated for
CeeHagN,O14: C: 72.65; H: 4.25; N: 2.57. Found: C: 72.61; H:
4.48; N: 2.50.

PDI-2. Compound 3 (0.22 g, 0.3 mmol), N-BOC-tyramine
(0.43 g, 1.79 mmol) and K,CO; (0.25 g, 1.79 mmol) were
mixed in NMP (10 ml) and stirred at 110 °C for 20.5 h. After
cooling to room temperature, the mixture was poured into
a 0.5 M HCI solution and stirred for 5 minutes. Purification was
performed through a chromatographic column with
DCM : MeOH [95 : 5] eluent. The product was obtained as
a dark-red powder (0.285 g, 61.68% yield). (ESI:MS): [M + Na]"
calculated for Cy,Ho,0,¢NgNa: 1561.66185; found, 1561.6595.
Elemental analysis (CHN) calculated for Co,Hg4NO;6: C: 71.76;
H: 6.15; N: 5.46. Found: C: 71.89; H: 6.29; N: 5.35.

PDI-3. Compound 3 (0.2 g, 0.27 mmol), methyl-4-
hydroxybenzoate (0.25 g, 1.63 mmol) and K,CO;3 (0.23 mg,
1.63 mmol) were mixed in NMP (3.6 ml) and stirred for 15 h at
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110 °C under N,. Once cooled to room temperature, the mixture
was added dropwise to a 1 M HCI solution, the precipitate was
filtered, dried and purified by chromatographic column with
DCM : ethyl acetate [25 : 1] eluent. The pure product was ob-
tained as a red powder (0.25 g, 77.4% yield). (ES:MS): [M + Na]"
calculated for C,,H57016N,Na: 1221.30526; found, 1221.3056.
Elemental analysis (CHN) calculated for C;,H5oN,O4¢: C: 72.11;
H: 4.20; N: 2.34. Found: C: 72.00; H: 4.30; N: 2.27.
Corresponding NMR spectra and data are shown in Fig. S1.t

Device fabrication

Materials. Unless otherwise stated, all the materials were
purchased from Sigma-Aldrich and used as received. Silver
pellets were obtained from Kurt Lesker; glass/ITO substrates
from Lumtec, and poly-triarylamine (PTAA) from Ossila
(product code M0511A5).

Planar heterojunction PSCs were fabricated with the following
architecture: ITO/PTAA/Cs 04(MA 17FA0 83)0.96PD(Io.83BT0.17)3/
ETM/Ag (ETM = PCBM or PDI-1, -2 or -3). First, a PTAA solution
(1.5 mg ml™" in toluene) was spin coated under ambient condi-
tions at 5000 rpm for 30 s, followed by annealing at 100 °C for
10 min (=20 nm thick). Subsequently, the samples were trans-
ferred into a nitrogen-filled glovebox for the perovskite layer
deposition. For the perovskite precursor preparation, stock solu-
tions of Pbl, and PbBr, (1.5 M) in dimethylformamide (DMF)/
dimethyl sulfoxide (DMSO) mixture [4:1 v/v] were prepared.
Then, for FAPbI; and MAPbBr; solutions, FAI and MABr powders
were weighed out into separate vials, followed by addition of Pbl,
(into FAI) and PbBr, (into MABr) solutions. Both lead solutions
were added in excess, to obtain an over stoichiometric lead
content (FAI/MABr : PbL,/PbBr, equals 1.0:1.09). The final
perovskite precursor solution was prepared by mixing the solu-
tions of FAPbI; and MAPbBTr; in a [5 : 1 v/v] ratio. Then, 40 pL of
CsI solution (1.5 M solution in DMSO) was added to 1 ml of the
mixture. Perovskite layer (=580 nm thick) was deposited on top of
PTAA with a two-step spin-coating procedure, 1500 rpm for 2 s
and, 5000 rpm for 34 s. Anhydrous diethyl ether (500 uL) was
dispensed on the sample in the last 2 seconds of the spinning
sequence. The sample was annealed for 60 min at 100 °C. For the
control device, a PCBM solution (20 mg ml~" in chlorobenzene)
was spin-coated at 2000 rpm for 30 s and annealed at 60 °C for
10 min. For the devices with PDI-1, -2 and -3 ETM, PDI solutions
(20 mg ml " in chlorobenzene) were spin coated at 4000 rpm for
30 s, The solution-processed ETMs were annealed for 10 min at
60 °C. Finally, 5 nm of BCP buffer layer and 95 nm of Ag electrode
were deposited on top of devices by thermal evaporation at =10~°
mbar, through a shadow mask.

Current-voltage measurements. j-V characterization and
stabilized power output measurements were performed using
a Keithley 2461 source measure unit (SMU) under simulated
AM1.5G irradiation (100 mW cm™?) using an AAA-rated solar
simulator (Abet Technologies, sun 2000) calibrated against an
RR-208-KG5 silicon reference cell (Abet Technologies). The
mismatch factor for the studied perovskite solar cells was
calculated to be 0.968 using external quantum efficiencies
(EQESs) of the reference and test cells, lamp's spectrum, and
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AM1.5G, and this value was used to correct the intensity of the
solar simulator lamp to provide one sun illumination.

Results and discussion
Structural and optoelectronic characterisation

Geometry optimisation of PDI-1 to -3 was carried out through
DFT calculations using Gaussian 09 software with the hybrid
B3LYP functional and the standard 6-31G(d) basis set for
insight into the optoelectronic properties and the core contor-
tion approach that influences the molecular geometry.

Fig. 2 shows that the perylene core in all the PDI derivatives
was twisted in the range from 30° to 31° due to the steric effects
of the bulky substituents (calculated from the torsion angles
(Fig. S27)); the loss of planarity of the molecules led to a higher
solubility compared to unsubstituted perylene, which is prone
to intermolecular stacking.’®

All the compounds (measured in solution) exhibited similar
optical properties with absorption and emission maxima within
the ranges of 560-590 nm and 590-625 nm, respectively (Fig. 3);
the shifting between spectra is a result of the electronic inter-
action between the core and the functional groups attached to
it. Compared to the literature values of unsubstituted per-
ylene,* PDI-1 and -2 showed a more significant bathochromic
shift of Amax(abs) due to the electron-donating (ED) nature of the
methoxyphenol and the BOC-tyramine groups respectively. In
contrast, PDI-3 with the electron-withdrawing (EW) methyl-
hydroxybenzoate substituent showed the shortest absorption
and emission wavelengths among the three derivatives.*

The linear relation between solutions with different
concentrations and their corresponding absorption (Fig. S37)
was used to calculate the molar extinction coefficient of each
derivative, the optical data are summarised in Table 1.

The electrochemical properties were measure through
square wave voltammetry (SWV) and cyclic voltammetry (CV).
The SWV in Fig. 4a shows two reversible reduction peaks, each
of which represents a one-electron reduction to the stable
radical anion and dianion species, respectively.

The chemical and electrochemical reversibility was
confirmed by cyclic voltammetry (Fig. 4b), through the reduc-
tion and subsequent oxidation of the product to its original
form. In addition, no shift of the current peaks with different

/PDI-1 \/F’Dl-z /PDI-3 \

\
>

Lﬁ‘:
.

Fig. 2 Calculated geometry of PDI-1 to -3 and their corresponding
contortion angle.

AN
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Fig. 3 Normalised absorption (solid line) and emission (dashed line)
spectra of each PDI.

Table 1 Summary of the optical properties of PDI-1 to -3. Literature
values of unsubstituted PDI are shown as a ref. 27

Amax(Abs) & Amzn((Em)
Sample [nm] [em™' M [nm)] EgR? [eV]
PDI-1 590 47 200 623 2.04
PDI-2 582 65 200 622 2.05
PDI-3 562 59 300 594 2.14
PDI> 525 58 000 553 2.13

“ Optical band gap (Egh,) was estimated from the intersection of
normalised absorption and emission spectra.

scan rates was observed, and a linear relationship between the
square root of the scan rate and the current peak was observed.

The electrochemical properties and the calculated levels of
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) are summarised in Table 2.

From the data in Table 2, the reduction potentials of the
different derivatives are shifted as a result of the electronic
nature of the substituents used in each molecule. For instance,
PDI-1 has the most negative potentials (due to the high ED
nature of the methoxyphenols), followed by PDI-2; whereas PDI-
3 has the potentials shifted to more positive values due to the
EW nature of the ester group on the substituents. It was also
observed that the first reduction potential of each derivative is
broadly comparable to the literature value of PCBM (Ereq =
—1.16 V vs. Fc)," which suggests that all derivatives could be
suitable candidates as PCBM substituents. However, from the
calculation of HOMO and LUMO levels using the CV experi-
mental data and the equation:

Enomorumo = —(Eoxirea + 5.1) (eV)*? &Y

PDI-3 shows a better band alignment to the conduction band
(—4.05 eV (ref. 43)) of the triple cation perovskite used in this
work. It is important to keep in mind however, that CV
measurements carried out in solution do not account for any
solid-state effects on the material within the final device.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) SWV of PDI-1to -3, measured at a scan rate of 0.5V s~%; the
arrows indicate the scan direction. (b) CV of PDI-1 to -3 at different
scan rates and the linear relation between the square root of the scan
rate and the current peak. Both measurements were carried out in
a 0.1 M solution of [TBA] [PFg] in DCM at room temperature.

Table 2 Summary of the electrochemical properties of PDI-1, -2, and
-3. Corresponding potentials (E) were determined from SWV peaks
and are quoted against ferrocene/ferrocenium

Sample Eo [V] EiSi[V] Ezd [V] Egap[eV] Ewnowmo [€V] Evrumo [€V]
PDI-1  +0.81 -—1.15 -1.30 1.96 —5.91 —3.95
PDI-2  +0.86 —-1.13 —1.28 1.99 —5.96 —-3.97
PDI-3  +1.00 -1.00 -1.15 2.00 —6.10 —4.10
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Photophysical characterisation

To investigate the suitability of the derivatives as ETMs, steady-
state photoluminescence quenching (PLQ) and time-resolved
photoluminescence (TRPL) were measured in glass/perovskite
and glass/Cso.04(MA¢.17FA0.83)0.96Pb(l0.53BT0.17)3/ETM (ETM =
PCBM or PDI-1, -2 or -3) devices. The PL spectra in Fig. 5a show
an intense emission peak at 760 nm from the perovskite-only
device when excited at 405 nm; whereas the devices with the
different ETMs (PDI-1 to -3 or PCBM) deposited on top of the
perovskite show a significant quenching in emission (PCBM >
PDI-3 > PDI-2 > PDI-1). Notably, the emission peak in these
devices shows a blue shift of approximately 5 nm, which
suggests passivation and reduction of trap density in the ETM/
perovskite interface.**

TRPL spectra in Fig. 5b shows a similar trend, in which PL
lifetime of bare perovskite film (164 ns) decreases upon depo-
sition of PCBM (20 ns), PDI-3 (70 ns), PDI-2 (76 ns) and PDI-1 (79
ns). Collectively, these spectroscopic and electrochemical
results indicate the suitability of the PDIs to be tested as ETMs
in n-i-p perovskite solar cells.

Additionally, charge mobility studies were carried out, using
the space-charge limited current (SCLC) method (Fig. S471) to
assess the electron transport characteristics of the materials.
Although it was not possible to observe the trap-free regime, a fit
that estimated the trap-filling regime enabled mobilities of the
order 10> cm? V™' s~ for PDI-1 and PDI-3 and lower mobility
around 10° cm? V! s for PDI-2, consistent with the bulkier
substituents of the latter.

Device characterisation

To screen the performance of the ETMs, an initial set of
perovskite solar cells with the configuration ITO/PTAA/Csg.o4(-
MAg.17FA¢ 83)0.06PD(I0.83BT0.17)s/ETM/Ag (ETM = PDI-1 to -3)
with a 5 nm buffer layer of BCP in the ETM/Ag interface
(Fig. S51) were fabricated in ITO coated PET substrates and
characterised. The PDI solutions were optimised to a concen-
tration of 20 mg ml~" and two different spin coating deposition
speeds were tested (2000 (A) and 4000 (B) rpm). Fig. S5¢t shows
the box plots over eight repeats while Fig. S5bt shows the J-V
curves of champion devices with each PDI, and Table 3
summarises the corresponding PV parameters.

= Perovskite

= PDI-1

—— Perovskite
~——PDI-1
——PDI-2 iy
—PDI-3
—PCBM

e PDI-3
= PCBM

—— oxponential fit

Normalised PL Intensity (a.u.)
PL Intensity (a.u.)

700 720 740 760 780 800 820 840 1000

wavelength (nm) Time (ns)

Fig. 5 (a) Steady-state photoluminescence quenching (PLQ). (b)
Time-resolved photoluminescence (TRPL) of glass/perovskite and
glass/perovskite/ETM devices.
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Table 3 PV parameters of champion devices tested at different
deposition speeds. A and B denotes 2000 and 4000 rpm deposition
speed, respectively. Data in parenthesis are the average over 8 devices

Sample Jee[MACm™] V. [V] FF [%)] PCE [%)]
PDI1 A 7.61(2.99) 0.84 (0.14)  37.7(30)  2.60 (0.84)
B 9.80 (8.51) 0.85(0.80)  60.2 (50)  5.01 (4.20)
PDI2 A 0.21(0.10) 0.69 (0.77)  18.9(15)  0.03 (0.01)
B 0.70 (0.15) 0.98 (0.38)  20.6 (18)  0.06 (0.01)
PDI-3 A 16.90 (16.5) 1.01(0.98)  54.6 (45)  8.70 (8.50)
B 16.90 (16.1) 1.02 (0.98) 58 (55) 9.80 (7.50)

It was found that PDI-3 was the only derivative suitable to be
used as ETM in a full device, delivering the best performance
when deposited at 4000 rpm. PDI-1 showed low performance at
high-speed deposition whereas low-speed deposition showed
an S-type curve, which could be related to a charge accumula-
tion at the PDI-1/perovskite interface due to band offset and
non-homogeneous interface.*> The device with PDI-2 did not
show any significant photocurrent output at all.

However, these results are in good agreement with the
LUMO energy values calculated previously for the PDI deriva-
tives. In particular, the LUMO level of PDI-3 (E ymo = —4.1 €V)
has a suitable energy alignment with the conduction band of
the triple cation perovskite (Econduction = —4.05 eV)* used in the
devices, which can also be linked to the PLQ in Fig. 5a, where
PDI-3 showed the best quenching among the tested PDIs sug-
gesting better charge extraction from the perovskite photoactive
layers compared to the other two ETMs. In contrast, the LUMO
values of PDI-1 and -2 (—3.95 and —3.97 eV, respectively) are not
as energetically favourable for charge transfer. The apparently
poorer (10 times lower) electron mobility of PDI-2 compared to
PDI-1 and -3 may also play a role.

Based on the previous results, PDI-3 was used in another set
of devices using ITO coated glass substrates and optimising
deposition conditions to 5000 rpm (~40 nm film thickness).
The results were compared with the well-established solution-
processable PCBM ETM (~30 nm film thickness). The j-V
plots of champion cells are shown in Fig. 6a, and the PV
parameters are summarised in Table 4.

Fig. 6b shows the stabilised power output over time under
a bias voltage at maximum power point.*® A stabilised PCE of
16.5% and 14.5% were observed within 35 s for PCBM and PDI-3
devices, respectively. Fig. 6¢ shows a high spectral response in
the range of 400 to 750 nm for both devices and the integrated
current density (derived from the IPCE) is 19.2 and 19.3 mA
cm 2 for PCBM and PDI-3, respectively. The lower value of the
Jse from EQE compared to Js. from J-V plot may account for
several reasons such as measuring time, sample degradation or
measurement conditions,”” however, the obtained values are
consistent with the trend of J,. values measured in the j—V
curves.

The relatively higher Js. of PDI-3 device compared to the
PCBM device could be related to a lower rate of recombination
in the ETM/perovskite interface, which is in good agreement
with the slightly higher value of IPCE for PDI-3 compared to

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) J-V curves of champion devices over four repeats. (b)
Stabilised power output of PDI-3 and PCBM-based devices. (c) IPCE
for PDI-3 and PCBM-based devices and the integrated short circuit
current density.

Table 4 PV parameters (reverse scan) of PSCs using PDI-3 or PCBM
ETMs. Data in parenthesis are the average over 4 devices

ETM Jse [MACm™2] V. [V] FF [%] PCE [%]
PCBM  22.46 (21.70)  1.09 (1.08)  71.5(70.7)  17.30 (17)
PDI3  23.02(22.80)  1.08 (1.08)  67.5 (64.5)  16.80 (16.10)

PCBM device, as shown in Fig. 6c¢.***° However, the PCBM
device showed a better FF compared to the PDI-3 one, which
could be related to a higher mobility of PCBM (upcpm = 1.22 X
102 em?® V™! s7')** compared to that of PDI-3 (uppr; = 1.6 X
10 em®* v tsh).

Conclusions

In this work, we have designed, synthesised and assessed per-
ylene diimide derivatives as solution-processable ETMs for
PSCs. Also, their synthetic versatility and easy tailoring of
optoelectronic properties was studied through the attachment
of different functional groups (with different electronic nature)
to the molecule. Substitution at the bay-positions of the PDI
enabled excellent solubility of the molecules while maintaining
sufficient charge mobility. Electrochemistry characterisation
and LUMO calculations showed that PDI-3 had a better energy
alignment with the triple cation perovskite compared to PDI-1
and -2, which indicates that the appropriate control of the
electron donating/withdrawing character of functional groups
benefits charge extraction through the modulation of electron
affinity in the molecule. PLQ and TRPL experiments revealed
a comparable charge extraction between commonly used PCBM
and PDI-3, indicating that selection of the appropriate side-
groups enables performance of PDI-derivatives which is
similar to that of PCBM. Accordingly, the champion PDI-3-

This journal is © The Royal Society of Chemistry 2022
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based device delivered a PCE of 16.8%, which was comparable
to the PCBM-based device with a 17.3% PCE. These results
demonstrate that bay-substituted PDIs provide a successful
strategy for replacement of PCBM by small-molecule ETM.
Further design and tailoring of properties to optimise perfor-
mance can be achieved through straightforward organic
synthetic routes.
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ABSTRACT: Flexible perovskite solar cells triggered a vast interest I I B S
within the scientific community, thanks to their broad commercialization § i
prospects. However, the stability of these devices still poses one of the i,

major concerns on the way to rapid industrial deployment. Here, we E SRS ——
demonstrate an effective strategy to improve the technical aspects of this L = Fe
technology, improving the reliability and efficiency values of these devices. T et
We apply large organic ammonium molecules for modifying a buried

interface between a hole-transporting layer (HTL) and perovskite- g”m
absorbing material. With the 4-fluorophenethylammonium iodide ‘2‘

(FPEAI), we achieve 18.66% efficiency for the large-area (1 cm”) flexible i .
solar cell, a significant improvement over the pristine device without £ | Han open et e
modification. The applied passivation strategy results in a better hole e s 7o s ow

Time (hrs)

extraction and reduced nonradiative recombination loss at the buried
interface. Moreover, we demonstrate the formation of low-dimensional perovskite phases in the vicinity of the hole-transporting
material upon the incorporation of large ammonium cations. This results in a significantly enhanced thermal and light-soaking
stability of fabricated devices. We obtained no loss in 1000 h of aging at 85 °C, no loss in 1000 h of light soaking at open circuit, and
less than 10% drop in 1000 h of operation at maximum power point for the optimized passivation treatment with the FPEAIL We
also demonstrate a method for monitoring the structural stability of perovskite thin films upon prolonged illumination, ensued by the
amount of molecular iodine being released from the layer.

KEYWORDS: flexible photovoltaics, perovskite solar cell, interface modification, bulky organic cation, long-term stability

B INTRODUCTION states within the bandgap, which in turn are responsible for
trapping photogenerated charge carriers, an increase of
nonradiative recombination rates, and reduced solar cell
performance. The majority of recombination losses in
perovskite solar cells take place at the interfaces with charge-
selective layers, primarily due to the higher density of defects
within these areas.”” Additionally, these ionic defects can
migrate within a perovskite layer in response to external
stimuli, such as electric field or light. Iodide defects (vacancies
and interstitials) were shown to have the lowest activation
energy for charge distribution and are believed to dominate the
migration mechanism.”'® Such interstitial iodides upon

Flexible perovskite solar cells (f-PSCs) garnered a lot of
attention in the research community over the last couple of
years, thanks to their broad and tangible commercial
prospects.” Power conversion efficiency (PCE) reported for
the lab-scale f-PSC devices recently exceeded 21%. Attainable
high specific powers, thanks to the use of lightweight substrates
and cost-effective manufacturing methods (roll-to-roll process-
ing), constitute key benefits of this technology.2 However,
detailed performance loss mechanisms and long-term reliability
of perovskite devices still require a better understanding and
more technical advancements to fully utilize the commercial
potential of this technology.

Perovskite thin films, due to their ionic and polycrystalline Received: August 29, 2022 ikt .
nature, are characterized by various defects, which derive from Accepted: November 29, 2022 i
interruptions or imperfections in the semiconductor’s crystal Published: December 11, 2022
lattice.”™> We can distinguish point defects (vacancies and

interstitials) and extended defects (grain boundaries, twining
and stacking faults, etc.).”” These defects introduce electronic

© 2022 American Chemical Society https://doi.org/10.1021/acsaem.2c02780
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Figure 1. Schematic structures of perovskite solar cells (a) without modification and (b) with BOC-based interface modification, (c) J—V curves of
the champion devices of each variation, (d) SPO curves for the same devices, and (e) EQE spectra with integrated current density values of

representative devices of each variation.

illumination can undergo complex redox reactions, leading to
the release of molecular iodine and the formation of deep trap
states (primarily hole traps).'' =" Defect passivation, especially
applied to the surface of perovskite thin films, was widely
explored as an effective way to suppress recombination losses
and also improve device stability.'¥'> Popular passivation
strategies include ionic or coordinating interactions with
external materials containing electron-rich (stabilization of
positively charged defects) or electron-deficient groups
(negatively charged sites). Less attention was paid to the
modification of a buried interface. Apart from influencing
interfacial electronic effects, the change of surface energy onto
which perovskite is grown can alter nucleation and
crystallization dynamics, leading to differences in layer
morphologies and bulk properties. Recently, Degani et al
and Cacovich et al. applied large organic ammonium halides to
the surface of a hole-transporting material (HTM) onto which
perovskite films were subsequently formed.'®'” They primarily
observed improved layer uniformities with the elimination of
nanovoids at the perovskite/HTM interface. No changes in the
material’s composition and dimensionality or clear passivation
effects at the buried interface were observed.

Here, we modified a buried interface between the HTM and
perovskite layer with bulky organic cations (BOCs) to improve
this electronic contact and perovskite film quality. Additionally,
we assessed the influence of fluorination of the organic cation
on the effectiveness of this modification approach. By studying
lift-off perovskite samples, we show the formation of two-
dimensional (2D) perovskite phases at the buried interface,
revealing the incorporation of large cations into the perovskite
lattice. With multiple spectroscopic and electrical character-
ization techniques, we show improved hole extraction and
reduced nonradiative recombination losses at the modified
interfaces. Devices with the BOC-modified p-side contact show

15115

improved photovoltaic performance (approaching 19% for the
champion large-area device on the flexible substrate) and
display significantly enhanced long-term reliability in different
stability tests (thermal test at 85 °C, operational test at
maximum power point, light-soaking test at open circuit).
Moreover, we corroborate these results by identifying the
reinforced structural stability of perovskite films upon interface
modification, which is evidenced by slower iodine release
during continuous light soaking. This is also confirmed by
computational modeling of the HTM/perovskite interfaces
with and without modifications.

B RESULTS AND DISCUSSION

Poly(triaryl)amine (PTAA) is one of the most commonly used
hole-transporting material (HTM) for the p—i—n perovskite
solar cells. Its interface with a perovskite thin film can be still a
source of performance-limiting, nonradiative recombination
losses.'®'? We applied PTAA surface modification based on
large-cation organic halides to improve this electronic contact.
We selected phenethylammonium iodide (PEAI) as a
modifying compound, which is commonly used for perovskite
surface passivation with the ability to form reduced
dimensionality perovskite compositions.”” We also tried a
fluorinated variant, 4-fluoro-phenethylammonium iodide
(FPEAI), in which cation exhibits a strong molecule dipole
moment, thanks to the fluorine substitution.?’** To evaluate
the influence of PTAA modification on photovoltaic proper-
ties, we fabricated flexible perovskite solar cells of p—i—n
configuration with the following structure: polyethylene
terephthalate (PET)/indium zinc oxide (1ZO)/(polybis4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/Cs,,FAg;Pb-
(Ip9Brg)s/fullerene Cqy/bathocuproine (BCP)/Ag, which is
shown in Figure lab. Current density—voltage (J—V) and

https://doi.org/10.1021/acsaem.2c02780
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Table 1. Photovoltaic Parameters Extracted from the J—V Characterization Measurements of Perovskite Solar Cells Processed
with Different PTAA Surface Modifications
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sample PCE best (PCE,ergexsp) [%]  FF best (FFergessn) [%]  Voc best (Vocaergersn) [V Jsc best(Jscaeragersp) [mA/cm®]  SPO best [%]

pristine 16.03 (14.98 + 0.85) 63.99 (58.66 + 2.63) 1.05 (1.04 + 0.01) 22.23 (21.21 + 0.55) 14.96
FPEAI 18.66 (17.22 + 0.78) 75.17 (71.62 + 3.64) 1.09 (1.07 + 0.01) 23.34 (22.59 + 0.50) 17.81
PEAIL 18.13 (16.72 + 0.85) 74.32 (71.17 + 2.76) 1.08 (1.06 + 0.01) 23.32 (22.13 + 0.69) 16.82
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Figure 2. DFT simulation of the passivation of a Pb- and I-terminated perovskite surface. Eqmo is reported in the inset for each case.

stabilized power output (SPO) characteristics of the devices
with and without modifications are shown in Figure 1lc,d.
Performance parameters (champion cells and average values of
30 devices) are summarized in Table 1. For the pristine device
without modification, we recorded an open-circuit voltage
(Vo) of 1.0S V, a short-circuit current density (Jgc) of 22.23
mA/cm?, a fill factor (FF) of 63.99%, and a PCE of 16.03%.
With the PEAI modification, the PCE improved to 18.13%
with an FF of 74.32%, a V¢ of 1.08 V, and a Ji of 23.32 mA/
cm?® The FPEAI modification yielded enhancements in all of
the photovoltaic parameters, reaching the best PCE of 18.66%
with a Jgc of 23.34 mA/cm?, a V¢ of 1.09 V, and an FF of
75.17%. Statistics of all photovoltaic performance parameters,
as extracted from the J—V characteristics, are shown in Figure
S1. For the representative cells of each variant, we also
measured external quantum efﬁciency (EQE) spectra (see
Figure le) and derived integrated Jgc values. J—V curves of
these cells are shown in Figure S2. All of the PV parameters for
these devices are summarized in Table S1. The Ji- values
derived from the EQE plots were slightly lower than the
corresponding currents from the J—V curves. Ionic displace-
ment screening an electric field in the perovskite film, which
can be more severe during the EQE measurement (longer time
at short-circuit conditions), was often suggested as a possible
origin for these differences.”® Nevertheless, the same trend of
higher current density values and possibly improved charge
extraction (especially in the higher-energy region) can be
observed in the modified devices.

To study the possible interactions of the modifying
compounds (PEAI and FPEAI) within the PTAA surface
and subsequently forming perovskite materials, we performed

density functional theory (DFT) simulations. The computa-
tional details are presented in Supporting Note 1. Particularly,
we evaluated the passivation power of different organic
ammonium iodides (FAI—taken as a reference, PEAI,
FPEAI) over Pb- and I-terminated FAPbI, surfaces, which
are good approximations of the perovskite material employed
in our study (Pb**, FA*, and I” are the main constituents). We
depict this mechanism in Figure 2. The total passivation energy
per spacer molecule, E, ..o, is evaluated by eq 1

- 16 Emolecule)]/16

1
where Egp s a0d Eqp unpass are the energies of the passivated
and nonpassivated slabs, respectively, and E_ ... is the energy
of the isolated FAI, PEAI, or FPEAI molecule.

The energy is normalized by dividing by the number of the
passivating molecules (16), which corresponds to the number
of the Pb atoms on the two surfaces. For the Pb-terminated
surface, the Egp, 1. energies equal —1.89, —2.22, and —2.26 eV
for the FAI, PEAI, and FPEAI, respectively. This highlights
how the employed large cations effectively stabilize the
perovskite absorber surface through the coordination of the
undercoordinated Pb atoms with slightly higher passivation
energy found for the FPEAL

In the case of the I-terminated perovskite surface, we only
studied the passivation by PEAI and FPEAI, again obtaining
highly spontaneous E . values of —1.64 and —1.66 eV,
respectively, which however are lower than the values derived
for the Pb-terminated surface. Similar observations were found
in a previous manuscript.24 The same conclusions were
achieved following a slightly different approach, i.e., evaluating

[Eslab,pass - E

pass,mol = slab,unpass
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Figure 3. Top-view SEM images of perovskite films (a) without and (b) with PEAI- and (c) FPEAI-based PTAA modifications showing nanovoids
are marked with yellow stars, (d) XRD of perovskite films of all three variations, and (e) XRD (zoomed at the low angle part) of the lift-off

perovskite films.

the exchange reactions of FA*/FAI with (F)PEA*/(F)PEAI up
to three ions/molecules (eqs S1—S2 and Figure S3), showing
slightly favored thermodynamics in the case of FPEAI vs PEAI
(see Table S2). Overall, this showed that interface
modification largely suppressed iodine- and lead-based point
defects. Furthermore, the strong interaction of the FPEAI
molecule with the perovskite lattice ((FPEA),FAPbI,
structures) could lock in the lead and iodine atoms in their
positions, thus mitigating the point defect migration within the
film. The analysis of the electronic properties, following the
calculation of the density of states (see Figure S4), reveals a
significant Fermi energy downshift (~—0.5 eV) when moving
from the PEAI- to the FPEAI-passivated systems. This leads to
a different energy alignment between the perovskite valence
band and the PTAA hole acceptor level, providing a higher
hole injection driving force for the FPEAI system.”> This could
result in higher hole extraction efficacy.

To better understand the influence of a modified surface on
the growth of the perovskite layer, we studied the morphology
of perovskite films deposited on pristine and modified PTAA
films. Figure 3a—c, shows top-view scanning electron
microscopy (SEM) images of all of the samples. Cross-
sectional SEM images are shown in Figure S5. All three
variations show similar microstructures with domain sizes on
the level of sub-100 nm. We note that perovskite films on a
pristine PTAA show a higher density of nanovoids and
pinholes, whereas modified PTAA results in more compact
morphologies. This could increase the shunt resistance of the
modified devices and contribute to higher FF values. In the
cross-sectional images, we also observe very similar perovskite
morphologies for all variations with slightly thicker perovskite
films when grown on a FPEAI-modified surface. Additional
morphological characterization was carried out with atomic
force microscopy (AFM). The surface topography images are
shown in Figure S6a—c. Table S3, displays root-mean-square
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(RMS) roughness values for all of the studied samples. The
layer grown on the FPEAI-modified sample displayed the
smoothest surface, possibly due to improved wetting, and more
homogeneous crystallization. Next, we performed X-ray
diffraction (XRD) measurements for all three perovskite
sample types. Diffractograms are shown in Figure 3d. For
the PTAA-modified samples, we observed increased peak
intensities at 14.1 and 28.3°, which correspond to the (110)
and (220) planes of the perovskite structure, respectively. This
could originate from enhanced crystallinity or a higher level of
grain orientation in these films.*® Additionally, modified
samples, in contrast to the pristine PTAA, show no peak at
12.7°, which corresponds to the Pbl, phase.”” This implies
complete perovskite transformation for these samples. We also
applied the Williamson—Hall (WH) method to calculate the
size of perovskite crystallites and derive microstrain values for
the (110), (220), and (330) lattice planes.”® Obtained results
are shown in Table 2 and Figure S7. The samples grown on the

Table 2. Average Perovskite Crystallite Sizes and
Microstrain Values Derived from XRD Measurements of
Perovskite Thin Films Processed on the PTAA Surface with
Different Modifications

sample crystallite size [nm] microstrain [%]
FPEAI 59 1.31
PEAI 53 1.57
pristine 49 1.63

FPEAI-modified surface exhibit a slightly larger average grain
size and more importantly reduced microstrain, which can have
a significant effect on the layer’s optoelectronic quality (defect
density and recombination profile) and ensuing long-term
stability.”” A detailed description of the WH method is
provided in Supporting Note 2. To characterize perovskite
crystallographic properties in the vicinity of the PTAA surface,
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Figure 4. (a) Steady-state PL spectra of perovskite films processed on PET/ITO/PTAA substrates with and without modifications, (b) steady-state
PL of the same perovskite variations taken for the lift-off samples, (c) time-resolved PL decays of the samples from panel (a), and (d) time-resolved

PL decays of the samples from panel (b).

we applied a lift-off process to expose that side of the layer.*’
In short, we thermally evaporated copper layers on top of
perovskite films and dipped them in a chlorobenzene solution
to dissolve underlying PTAA and leave free-floating perovskite
layers. A more detailed description of the experimental
procedure is given in the Methods section. Diffractograms of
all three perovskite types are shown in Figure 3e. For the layers
grown on surfaces modified with the organic ammonium
iodides, we recorded a distinct presence of additional peaks at
a low angle range (5—6°). We assign these reflections to the
(002) lattice plane of the layered (2D) perovskite structure.”’
A similar effect of the 2D/three-dimensional (3D) hetero-
junction formation at the buried interface upon application of
an appropriate organic ammonium halide was previously
reported in the literature.”””*

Then, we studied the optoelectronic properties of perovskite
films grown on modified and unmodified PTAA surfaces. The
samples with an interfacial modification display significantly
enhanced absorption in the high-energy part, below 550 nm
(see Figure S8), which could originate from the contribution of
layered phases.”” All of the films show the same optical
bandgap as derived from the Tauc plot (Figure S9). Figure 4a
shows the photoluminescence (PL) spectra of the samples with
and without interface modifications. We note higher PL
intensities recorded for the PTAA-modified films with the
FPEAI type showing the highest signal. There was also a
noticeable blueshift (~5 nm) in the PL peak position of the
modified samples. The same trends were also observed for the
excitation through the other side in the lift-off perovskite films
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(see Figure 4b). Next, we performed time-resolved PL (TRPL)
measurements for the same set of samples. The decay curves
(excitation through the perovskite surface and through the lift-
off buried interface) are presented in Figure 4c,d. Longer PL
lifetimes for the modified samples imply a reduced non-
radiative loss mechanism (trapping and recombination) in
these films. Interestingly, we observed a 3-fold increase in
lifetime for the interface-modified lift-off samples. This
provides strong evidence that PTAA modification with the
BOC molecules can effectively reduce nonradiative recombi-
nation losses at that interface.””*” The PL decays were fitted
with a nonlinear exponential function; all of the fitting
parameters are displayed in Table S4.

To have a better insight into the charge recombination
dynamics in the perovskite layer and at the interfaces, we
performed electroluminescence (EL) measurements of com-
plete solar cells. To this end, we applied a forward bias to our
devices with and without PTAA modifications, making it
operate in light-emitting diode (LED) mode to study the EL
signal. Figure Sa presents the comparison of the EL spectra of
the three devices with an applied forward bias of 2 V. The
shapes of the EL spectra resemble closely the PL spectra;
however, the intensity of emission for the FPEAI-modified
devices is more than 2 times higher than the PEAI-modified
and pristine devices. Figure 5b,c shows transient integrated EL
intensity and the transient current flowing through the cells
with an applied 2 V bias. After 20 s of stabilization time, the
light emitted from the FPEAI- and PEAI-modified devices has
comparable intensities, while emission from the pristine device
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Figure S. (a) EL spectra of the three PSC variations taken at the applied constant bias of 2 V, (b) integrated EL intensity of the same cells at 2 V
bias, (c) current intensities corresponding to the transient EL from panel (b), (d) recombination lifetimes of the same cell variations derived from
the fitting of photovoltage decays at varied background light intensities, (e) charge density extracted from the photocurrent decay measurements
taken at varied perturbation light intensities, and (f) photocurrent values and morphological profile taken across the scanned distance, derived from
the c-AFM measurements of perovskite films grown on different surface modifications.

Table 3. Photovoltaic Parameters Extracted from J—V measurements (Vo(, Isc) and Series of Physical Parameters Derived

from Electroluminescence Measurements”

samples Voc (V) Isc (A) EQ,EEL(@ISC) Vgglimit (V) Voc loss (V) I (A) n m
pristine 1.047 0.013 1.06 x 107 1.284 0.23 12 x 1078 3.8 1.3
PEAI 1.065 0.013 0.92 x 107* 1.305 0.24 2.0 x 107° 3.0 1.3
FPEAIL 1.073 0.014 092 x 107 1.314 0.24 7.9 x 10712 2.1 1.2

“External quantum efficiency of EL, V¢ in radiative limit, V¢ loss, saturation current, ideality factors “n” and “m” are calculated from the current

and photon flux, respectively.

is about 4 times lower. The evolution of current values shows
similar trends with the FPEAI- and PEAI-modified cells,
displaying around 2 times higher current than the pristine
device. When we confronted recorded light intensities with the
current intensities, we noticed that the brightness of the

pristine sample is about 3—4 times lower than the modified
samples, but the current magnitude of the pristine cell is only
less than or equal to a half of current values measured for the
other samples. Therefore, in contrast to our previous work,
where simple qualitative analysis was sufficient to give
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Figure 6. Time evolution of normalized PCE values of the three PSC variations, which were subjected to (a) thermal stress test at 85 °C
(glovebox), (b) continuous operational test at maximum power point (glovebox), (c) continuous light-soaking test at open circuit (glovebox), and
(d) time evolution of normalized conductance values of silver films laminated with different perovskite films measured upon continuous light

soaking.

indications about devices’ efficiencies, in this case, more
detailed investigation was necessary.”* We started with the
determination of the devices’ V¢ radiative limits following eq
23>

Vo™ = Voc - k_Tln(EQ.EEL)

e ()
where Vi is the open-circuit voltage measured for the cell, k
denotes the Boltzmann constant, T is the temperature
expressed in kelvin, e stands for the elementary charge, and
EQEg, is the external quantum efficiency of the electro-
luminescence of the device for the current intensity
corresponding to the Isc determined in the photovoltaic
measurement. Table 3 shows all of the values obtained for the
modified and unmodified samples. The calculated Vi values
in the radiative limit increase in the following order: pristine <
PEAI < FPEAI, which is in agreement with the trend of the
measured Vi of these cells. The EQEg; values are shown in
Figure S10a—c. To have more insight into the device operation
principles, we also applied the Shockley diode equation to the
EL results and determined the ideality factors for these three
device variations (see Supporting Note 3).

To further corroborate our findings on the influence of
PTAA modification on the recombination characteristics at the
perovskite interface, we carried out transient photovoltage
(TPV) measurements of complete solar cells. The TPV
method is performed in a small perturbation regime, where the
LED light is illuminating a sample with specific light intensity,
and a small overcurrent is sent to the cell, which creates a
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voltage perturbation on the device in the range of 20 mV. The
test is repeated for a range of light intensities. We applied
intensities starting from 30.4 to 160.4 mW/cm® In Figure Sd,
time constants extracted from a single exponential fit of voltage
decays at different light intensities were plotted as a function of
Voc values, each measured at a given intensity. The FPEAI-
and PEAI-modified devices displayed higher recombination
lifetimes than the control sample. This is in good agreement
with the reduced nonradiative recombination loss upon PTAA
modification, which was implied by PL and EL analyses.

To investigate the possible influence of the PTAA
modification on a hole extraction efficacy, we performed
transient photocurrent (TPC) measurements of complete solar
cells. TPC is performed in a high perturbation regime. The
measuring sample is kept at short circuit and an LED light is
illuminating the sample with different intensities. Then, the
light is switched off and the current decay is measured and
integrated. Figure Se shows plotted extracted charge as a
function of short-circuit current density, measured for a range
of light intensities (same as in the TPV measurements). The
PTAA-modified devices display improved carrier extraction
over the control sample with the FPEAI type exhibiting the
most effective charge collection (largest integrated charge
values). To corroborate these findings, we applied the
conductive AFM (c-AFM) technique to measure vertical
charge transport properties of perovskite films, when grown on
modified and unmodified PTAA layers (sample stack: glass/
ITO/PTAA/BOC/perovskite) at different applied biases
(=0.5, 0, and 0.5 V). Current maps obtained along the
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scanned distance (at 0.5 V forward bias) are shown in Figure
Sf. The FPEAI-modified sample showed the highest currents at
all different biases. The PEAI-based sample also displayed
higher signals than the pristine PTAA. Table S5 presents all of
the results of c-:AFM measurements (dark, light, different
biases). This clearly indicates an improved hole transfer at the
perovskite/PTAA interface modification, which is in good
agreement with the TPC measurements.

In the next step, we investigated the influence of the PTAA
modification strategy on the long-term stability of fabricated
perovskite solar cells. For the aging tests, we continued with
the double-cation perovskite recipe (Csy;7FAs3Pb(159Bro1)3),
which is known to provide structurally more stable
compositions than the commonly used formulas with the
methylammonium cations.**™** The reliability analysis was
performed following ISOS (International Summit on Organic
Photovoltaic Stability) protocols, which were recommended
for the stability assessment of perovskite PV devices.” First,
we subjected all of the device variations to a thermal stress in
the dark (85 °C, inert atmosphere), compliant with the ISOS-
D-2 test. The aging was periodically interrupted for electrical
characterization measurements. The evolution of normalized
PCE is shown in Figure 6a. We can observe that the FPEAI-
modified devices outperformed the other two types (control
and PEAI-modified cells), maintaining nearly 100% of the
initial efficiency after 1000 h of aging. The PEAI-based samples
preserved up to 90% of starting PCE, whereas control devices
kept only 80% of the initial performance. Corresponding J—V
curves of the most stable devices of each type (control, FPEAI-
and PEAI-modified), which were collected along with the
continued aging, are shown in Figure S12. To understand any
structural changes in the perovskite layers upon exposure to
elevated temperatures, we also measured XRD of perovskite
films (PET/IZO/PTAA/BOC/perovskite), which were sub-
jected to the same heating test (before the test and after 1000
h of heating). Diffractograms, shown in Figure S13,
demonstrate improved structural stability of perovskite films,
which were grown on the modified PTAA surface. The FPEAI
treatment has the strongest stabilization effect, and no Pbl,
peak can be observed in this film. For the PEAI modification, a
small Pbl, reflection (12.7°) appears after 1000 h, whereas for
the control sample, Pbl, appears already after 500 h, and
significant perovskite degradation is evident at the end of the
test.

Next, we studied the effect of light stress on the stability of
used perovskite devices (ISOS-L-1 protocol). Solar cells, with
and without PTAA modifications, were subjected to
continuous light soaking (LED source, intensity: ~60 mW/
cm?) in a nitrogen-filled glovebox (inert atmosphere). Devices
were aged in two different conditions, at maximum power
point (MPP) and open circuit (OC). Electrical character-
ization measurements were periodically carried out to track the
evolution of photovoltaic performance parameters (ca. every
150 h). Figure 6b,c shows normalized efficiency values as a
function of aging time, extracted from J—V scans. The FPEAI-
modified devices preserve over 90 and 100% of the initial PCE
after 1000 h of aging at the MPPT, and OC aging conditions,
respectively. The PEAI-modified cells were dropping faster in
the MPPT test but showed full stability in the OC aging. The
control samples were degrading significantly faster in both
tests, yielding less than 30% and around 80% of the initial PCE
at the MPPT and OC conditions, respectively. The J—V and
SPO curves of the best devices, taken along the aging tests

(MPPT and OC conditions) for each device variation, are
shown in Figure S14a—i. All of these results clearly show that
the cells with the BOC-based PTAA modification exhibit
significantly improved long-term reliability upon light
exposure. It was previously reported that complex iodide
chemistry is one of the major factors affecting the stability of
perovskite compositions under illumination.*”*' Light drives
the migration of ionic point defects, such as interstitial iodide
ions (I;) and iodide vacancies (V;), and triggers photocatalytic
chain reactions, leadin§ to the oxidation and release of
molecular iodine (I,)."""

To compare the amount of I, being released from perovskite
films (grown on modified and unmodified PTAA surfaces)
upon prolonged light soaking, we devised a simple
experimental setup based on electrical conductance measure-
ment. A similar approach was reported by Kerner et al. to
monitor I, mass transport through different HTMs.* They
adopted an electrical Ca corrosion test by replacing Ca with Ag
and took advantage of the susceptibility of Ag to corrosion by
I,. We laminated the perovskite samples with glass slides
equipped with cavities, where Ag layers were evaporated. Then,
by measuring the change in Ag conductance, we were able to
relate it to I, vapor being released from perovskite films upon
light soaking. The schematic of the applied sample structure is
shown in Figure S15. Figure 6d presents normalized
conductance values as a function of light-soaking time for
different perovskite films. The BOC-modified samples show
significantly reduced conductance drop, implying slower iodine
release, which could be a result of improved structural stability
of perovskite films grown on the modified PTAA surfaces. The
samples, which were subjected to the light soaking, were
additionally characterized by X-ray photoelectron spectroscopy
(XPS) to corroborate changes in the chemical composition of
the perovskite surface. Table 4 shows extracted I/Pb ratios for

Table 4. Elemental Analysis of the Surface of Three
Different Perovskite Variations Before and After 1000 h of
Light Soaking Derived from XPS Measurements

samples %1 %Pb %0 %C 1/Pb
pristine_0 h 13.73 5.37 9.54 71.25 2.55
pristine_1000 h 11.27 6.86 12.80 69.12 1.64
PEAI 0 h 16.98 6.58 9.89 66.85 2.58
PEAI_1000 h 17.34 6.56 12.56 52.24 2.64
FPEAI 0 h 22.78 8.25 12.95 54.34 2.76
FPEAI 1000 h 23.02 6.93 17.59 56.55 2.85

different samples before and after the light soaking test. The
spectra for I 3d and Pb 4f are shown in Figure S16. The
pristine sample shows a decrease in the I/Pb ratio upon light
aging, which could imply the release of iodine vapor.**
Perovskite samples grown on the BOC-modified PTAA
samples display nearly unchanged I/Pb ratios.

Overall, the modification of a buried interface with
appropriate large organic cations, which can form low-
dimensional perovskite phases, provides an effective avenue
to reinforce the structural stability of these layers. The
reduction of ionic migration effects leads to significantly
improved long-term stability of these devices. This can be
complementary to perovskite surface modification, where 2D
perovskite formation is commonly explored as a strategy for
improving stability of these cells.”’
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B CONCLUSIONS

In this work, we have demonstrated an effective strategy to
enhance the performances and stability of flexible perovskite
solar cells. By modifying a buried HTM/perovskite interface
with bulky organic cations, we not only improve the
characteristics of that electronic contact but also reinforce
the structural stability of the perovskite material itself. With a
range of spectroscopic and electrical characterization techni-
ques, we evidence a reduction in nonradiative recombination
loss and improved hole extraction upon PTAA surface
modification. This results in over 18% PCE for the large-area
flexible PSC obtained for the FPEAI-based passivation.
Crystallographic analysis shows the formation of 2D phases
at the buried interface. Notably, all of the passivated samples
show significantly improved thermal and light-soaking stability.
The FPEAI modification yields the most effective perovskite
reinforcement with minimal iodine loss and compositional
change upon prolonged light soaking. This work paves the way
for improving state-of-the-art perovskite solar cell architectures
and reaching commercial viability for this technology.
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Perovskite Solar Cell

Encapsulation Protocol for Flexible Perovskite Solar Cells
Enabling Stability in Accelerated Aging Tests

Taimoor Ahmad @), Shyantan Dasgupta, Samy Almosni, Alina Dudkowiak, and

Konrad Wojciechowski*

Flexible perovskite solar cells (f-PSCs) offer attractive commercial prospects
in the near future, enabled by new value propositions, such as mechanical
flexibility, or high specific powers. The long-term reliability of these devices
requires appropriate encapsulation to prevent degradation caused by
environmental factors. Here, a lamination protocol is developed,
incorporating adhesive materials, barrier foils, and edge sealants, which
results in a robust device hermitization. By applying the developed procedure
to three different perovskite solar cell configurations (p-i-n with carbon, p-i-
n with silver, and n-i with carbon), fabricated with large active areas (1 cm?),
the universality of this approach is demonstrated. The best devices preserved
over 85% of the initial performance after a sequence of accelerated aging
tests based on industry standards (compliant with the IEC 61215 and IEC
61646) comprised of 1400 h of damp heat, 50 thermal cycles, and 10 cycles

Great progress has been achieved in understand-
ing the primary degradation mechanisms. Most
important achievements include the develop-
ment of robust perovskite structures (composi-
tional variations), various routes for effective
passivation of crystalline defects, understanding
and mitigation of the negative repercussions of
ionic motions in perovskite layers, or engineer-
ing charge selective contacts with improved
chemical and electronic stability.” ™1 All these
points relate to the intrinsic stability of per-
ovskite device structures. To exploit the full
potential of perovskite PV technology, long-
term operation in harsh weather conditions has
to be ascertained. Due to ionic character and
susceptibility to coordination by polar groups,

of the humidity-freeze test.

1. Introduction

Organic—inorganic metal halide perovskite solar cell (PSC) technol-
ogy emerged in the past decade as one of the biggest break-
throughs in photovoltaics, advancing toward commercialization at a
prolific pace. This is largely owed to exceptional optoelectronic
properties of the perovskite photoactive layers, resulting in high
performance, which is also accompanied by the potential of very
attractive cost factors (low material and processing costs) and new
value propositions of PV products (high specific power, flexibil-
ity).'" ™! PSCs recently reached a certified power conversion effi-
ciency (PCE) value of 25.7%.]

Historically, long-term stability has been a major concern in the
roadmap for the successful commercial deployment of this technology.
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metal halide perovskites most likely will always
require some level of protection from external
factors, especially humidity.['*"® The damp-
heat test (1000 h in 85 °C, 85% relative humidity, RH) is considered
to be one the harshest reliability checks for any emerging PV technol-
ogy. Few examples of perovskite devices successfully passing stress tests
in such conditions were reported, typically applying different glass-
based encapsulation protocols.[l 722
Flexible, polymeric foils used as a substrate and packaging materi-
als deliver an attractive economic potential, originating from the
prospects of large production throughputs, which are enabled by
the roll-to-roll (R2R) processing.*>***1 Flexible perovskite solar
cells (f-PSCs) are expected to find an application as powering units
in a wide range of sectors, including the Internet of things (IoT),
smart integrated buildings, wearable and portable electronics, or
self-powered bioelectronics.?* Glass is an excellent moisture barrier,
exhibiting a water vapor (WVTIR)  below
1 x 107 g m > day '. However, it is britle, rigid, and heavy,
hence not compatible with the R2R processing. Additionally, glass
encapsulation will affect the device’s integrability and attainable
specific powers, making it unfit for many market segments. In order
to provide long-term operational reliability of f-PSCs, an encapsula-
tion concept that meets the criteria of high optical transmission, low
gas permeation rates, good adhesion to the device stack, and appro-
priate edge sealing preventing lateral moisture ingress is needed.
Flexible barrier materials were successfully explored for many
organic electronic applications, including organic photovoltaics
(OPV), where barriers of the WVTR at the range of 107 °—
107*g m > day ! provide effective protection.[26‘27] Although criti-
cal permeation rates for the f-PSCs have not been determined yet,
barrier requirements similar to OPV devices can be expected.[”®*"]

transmission  rate

© 2022 Zhengzhou University.
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(c) modified it by incorporating the 18-Crown-6

ether (18C6) into the perovskite precursor solu-

n-i Configuration

tion. This additive was shown to modulate per-
ovskite growth (stabilization of o-phase of the

PET/IZO

Sno,

(a) (b)
S — p-i-n Configuration
1ZO electrode Busbar / IZO contact
Back Back PTAA/f-PEAI

electrode electrode Perovskite

(Metallic (Metallic

or Carbon) or Carbon) C50.FAG.gPb(l5.94Bro.06)

=
Busbar / Back contact

@
fa)
°

Figure 1. a) Schematic of the electrode design (front and back contacts) and electrical connections
based on busbar attachment, which was applied for the perovskite solar cell fabrication; b) flow
chart depicting the f-PSC architecture of p-i-n configuration, with metal or carbon back contacts;

and ¢) n-i HTM-free configuration, with carbon electrode.

In this work, we developed an encapsulation protocol for large-area
f-PSCs, employing polymer-based barrier foils and UV-curable adhe-
sives, to provide robust hermetization against environmental factors.
We also explored different edge sealants, and implemented hydropho-
bic buffer layers (HBL) based on polydimethylsiloxane (PDMS), to
achieve good stability in the stressing environmental conditions. The
reliability of these devices was assessed with three different aging tests,
compliant with the IEC norms for established photovoltaic technologies
(IEC 61215, IEC 61646), namely damp-heat (DH, 85 °C/85% relative
humidity, RH), thermal cycling (TC, the temperature varied between
—40 °C and 85 °C), and humidity-freeze (HF, between —40 °C with
the long dwell time at 85 °C and 85% RH) test. Additionally, we have
demonstrated the universality of the developed encapsulation protocol,
by obtaining stable photovoltaic performance after aging for the three
different f-PSC architectures (p-i-n with carbon and silver back contact
electrodes, and n-i architecture with carbon electrode and no hole
transporting layer). The best cell preserved over 85% of the initial PCE
after a sequence of tests comprised of 1400 h of damp heat, 50 thermal
cycles, and 10 cycles of the humidity-freeze test.

2. Results and Discussions

Perovskite solar cell typically is comprised of multiple layers arranged
in a sandwich stack. The stability of such devices is affected by individ-
ual layers and their interactions.*%) At first, we implemented PSC of a
p-i-n configuration, applying the most commonly used device struc-
ture, with the poly(bis(4-phenyl)(2,4,6-trimethylphenyl)-amine)
(PTAA) as a hole transporting material (HTM).[*'~**! PSCs incorporat-
ing PTAA often suffer from reduced charge-transport ability under heat
and light stress, which limits the long-term reliability.****] In this
work, we introduced an ultrathin interlayer between PTAA and per-
ovskite film, which is based on a halide salt of bulky alkylammonium
cation, fluoro-phenylethylammonium iodide (FPEAI). It was reported
that such dipolar organic ammonium halides could passivate interfacial
defects in the perovskite layer, such as uncoordinated lead ions, and
negatively charged sites (interstitial, antisite defects).**! We applied
FPEAT surface treatment to the PTAA layer for all the p-i-n cells in this
study. For the photoactive layer, our first choice was a double-cation
perovskite composition with the generic formula of CsyFAqoPb
(To.94Bro.06), which was widely reported to exhibit improved structural
stability, especially at elevated temperatures.[njp”] We additionally
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FA-based perovskite), passivate undercoordi-
nated Pb defects, and provide additional protec-
tion against moisture due to 18C6é hydrophobic
character."***?! In these devices, we also tested
Gt two different back contact electrode materials,
thermally evaporated silver layer and solution-
processed carbon paste, analogously to our pre-
vious report./**? Carbon-based back contact elec-
trodes  deliver interesting solutions  for
improving the industrial viability of perovskite
solar cells, increasing chemical inertess, and
offering facile processing with scalable printing
techniques. [4.45]

We also fabricated PSCs of reversed polarity, with a carbon electrode
and without a hole transporting material. All the photovoltaic devices
reported in this work were fabricated on flexible substrates (PET foil),
with large active areas (1 cm”). We employed the commercial PET foil,
coated with the indium doped zinc oxide (IZO) as a transparent con-
ductive electrode, exhibiting sheet resistance of 15 Ohms/sq. The sche-
matic of the optimized cell design is shown in Figure 1a. In Figure 1b,
¢, we present different solar cell architectures used in this study.

We compared the PV performance of different f-PSC device configu-
rations by measuring current density—voltage (J-V) characteristics and
stabilized power output (SPO). Extracted performance parameters for a
batch of cells are shown in Table 1.

We obtained power conversion efficiencies (PCEs) close to 10% or
more for all the device types, with the p-i-n cells employing metal elec-
trode exceeding 14%. We present the J-V, and SPO curves of the most
efficient devices of different configurations in Figure Sla—e. The exter-
nal quantum efficiency (EQE) spectra and integrated current density
values for each solar cell type are shown in Figure 1f.

Then, we explored the intrinsic structural stability of applied per-
ovskite material. Thermal stress can induce decomposition of perovskite
active layer, typically leading to the release of volatile organic species,
and appearance of Pbl, phase.l"*! Humidity can further accelerate this
process via complex formation and hydrogen bonding, weakening the
attraction of organic cations to the inorganic octahedra.["***1 To con-
firm the hypothesis of enhanced thermal stability of perovskite compo-
siion without methylammonium cations, we compared the double-
cation (2C) recipe described above—Csg FAg oPb(Ig.94Broo¢), With
the triple-cation (30) formulation—Csg 94 (MAg 1 7FA¢ 83)0.96Pb
(Ip.83Bro.17)3. The p-i-n devices with Ag back contact electrode contain-
ing these two different perovskite thin films were subjected to 85 °C
stress test, inside the nitrogen-filled glovebox. In Figure S2a—d, we
show the evolution of normalized PCE values along the aging, together
with X-ray diffractograms (XRD) of perovskite films, before and after
the 1000-h-long test. The peak at 12.7°, which can be assigned to Pbl,
((001) plane), is visible for all the samples, but its enhancement upon
aging is much more pronounced for the 3C perovskite films. This is
also combined with a significantly faster drop of performance values
for this device type. For this reason, we used 2C perovskite composition
for the remaining part of this study. In the next step, we further
explored the intrinsic stability of perovskite solar cells by comparing
different device configurations in the 85 °C stress test, inside the glove-
box. The evolution of average performance parameters, extracted from

Perovskite

C50.4FAo.5Pb(1o,94Bro.05)

i
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Table 1. Photovoltaic parameters extracted from the current-voltage characterization measurements of perovskite solar cells fabricated with different

architecture.

Device type (with the different
back electrode)

(PCEpest) PCEAvg + sp (%)

(FFpest) FFavg + sp (%) (Voc best) Voc avg + so (V) Usc best) Jsc avg + so (MA cm?) SPOpesc (%)

p-i-n with silver (14.24) 1225 +£ 13

p-i-n with carbon (10.51) 9.82 + 1.5

n-i, HTM free with carbon (9.8) 878 £+ 0.6

(63.1) 5523 =+ 54 (1.06) 1.04 + 0.02 (21.16) 2125 + 06 14.12
(50.9) 45.4 + 46 (0.97) 0.95 + 0.02 (20.66) 2267 + 46 10.25
(45.1) 4322 £ 26 (1.01) 0.99 + 0.01 (21.2) 2038 + 1.1 9.64

periodic J-V and SPO characterization measurements taken for three
individual cells per each device configuration (p-i-n with metal, p-i-n
with carbon, and HTM-free n-i with carbon), is plotted in Figure 2a—e.
Corresponding J-V curves are shown in Figure S3. For the HTM-free
with carbon and p-i-n with silver cells, we observed an initial increase
in PCE values, whereas p-i-n devices with carbon, in the beginning,
showed a small performance decline, primarily caused by Ve loss.
After 1200 h of aging, all the cells displayed more than 80% of initial
PCE, with the HTM-free carbon cells yielding about 20% higher PCE
values than before the test. This increase, driven by Js- enhancement,

we assign to improved hole extraction at the interface with carbon was
also observed in our previous work.[*3] Likely, remnant solvents and
organic binders present in the carbon paste have not been fully
annealed during device processing. A prolonged elevated temperature
could reduce contact resistance at the hole extraction interface. This
could be also combined with some morphological changes of the car-
bon layer, making more conformal contact and easing the charge trans-
fer process. In Figure S4, we show PL spectra of the “n-i with carbon”
device, before and after 1000 h of 85 °C heating. Significant PL
quenching was recorded upon aging. In combination with the distinct
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Figure 2. a—e) Time evolution of normalized photovoltaic parameters of unencapsulated perovskite solar cells of different configurations (p-i-n with silver,
p-i-n with carbon, and n-i with carbon), which were subjected to thermal stress at 85 °C on a hotplate, inside the glovebox; f) XRD of perovskite films
(processed on HTL or ETL), before and after the thermal test; g—j) top-view SEM images of fresh and aged perovskite samples.
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evolution of performance parameters (stable Vo, increase of Jsc and
FF), it evidences improved electronic contact and hole transfer at the
carbon interface.

We also monitored the crystallographic and morphological evolution
of perovskite layers upon thermal stress by carrying out XRD and top-
view scanning electron microscopy (SEM) imaging. The XRD patterns
of fresh and aged samples are shown in Figure 2f. Upon aging, the rel-
ative intensity of Pbl, peaks become more pronounced for the p-i-n
configuration (perovskite grown on the modified PTAA). In SEM
images (Figure 2g-j), we can observe dense and well-preserved per-
ovskite morphologies upon heat stress.

Having confirmed good intrinsic stability of selected perovskite solar
cells in the thermal test, we moved on to develop effective flexible
encapsulation to provide protection against external factors. The damp-
heat test inside the climate chamber (85 °C/85% RH), with a periodi-
cally monitored photovoltaic performance of devices exposed to these
conditions, was used as a primary guideline for this work. For all the
encapsulation trials, we applied a commercial barrier foil, whose
water vapor transmission rate (WVIR) and oxygen transmission rate
(OTR) are 55 x 107> gm > day”' (50 °C, 100% RH.) and
<0.0005 cm® m~* day ' (23 °C, 0% R.H.), respectively.

We investigated different encapsulation protocols (varied laminate
structures), using the same device configuration—carbon-based,
HTM-free PSCs. First, we applied busbars to the device terminals (Fig-
ure 1b). We used commercially available Sn—Cu busbars with a con-
ductive adhesive on one side. Next, a thermoplastic foil was laminated
on the back of a device, and then, UV-curable material was applied on
both sides of the device to provide good adhesion to the barrier foil.
Thermoplastic foil was used to avoid permeation of the UV-curable
ink inside the carbon pores, which could insulate that contact. Another
advantage of this thermoplastic polymer film is that it provides
improved adhesion between the busbar and the substrate. We noticed

(a) (b)

Laminate Stack with Thermoplastic

Laminate Stack With HBL

that during the accelerated aging test, the busbar can delaminate from
the ITO contact. Following the process of sandwiching the cell
between the two sheets of barrier foil, UV-curing was applied to
harden the adhesive. We monitored the curing level with the Fourier
transform infrared spectroscopy (FTIR) measurements. In Figure S5,
we show the spectra of cured and uncured adhesive films. The peaks
in the region 1680-1620 cm™ ' can be assigned to the C=C double
bond, which gets reduced upon acrylate crosslinking. Also, the peaks
in the 3000-2840 cm™ ' range increase their intensity upon UV illu-
mination, which indicates the formation of C—C bonds. The curing
parameters (time, lamp power) were optimized to reach a complete
level of crosslinking. After the encapsulation, we provided electrical
contact to the device terminals via soldering iron to the busbar,
through the barrier foil.

In the next step, as an alternative to the thermoplastic polymer, we
used a hydrophobic PDMS (polydimethylsiloxane)-based formulation,
which was deposited on top of the carbon layer, and subsequently lam-
inated with a thin PET foil, before applying the UV-curable formulation
and barrier foil. The PDMS coating provides adhesion to the PET, which
in turn ascertains no permeation of the UV-curable ink inside the car-
bon pores. Additionally, its hydrophobicity can grant extra protection
for the perovskite layer. It was also shown as an effective modifier of
the perovskite—carbon interface.*] The schematic comparison of the
two laminate stacks is shown in Figure 3a,b. J-V curves of the cells
before and after applying thermoplastic foil or PDMS-based/PET lami-
nate are shown in Figure S6. We recorded a small drop in performance
for both lamination options, with the PDMS/PET showing a smaller FF
reduction. The performance parameters extracted from J-V curves are
shown in Table S2. Before stressing complete solar cells, we also inves-
tigated the effect of contact aging and possible busbar delamination.
The dummy samples (IZO substrate connected with busbars and lami-
nated with the two different routes) were prepared and subjected to the
damp-heat test. The results are shown in Fig-
ure S7d. We did not observe any sizable resis-
tance increase, suggesting the quality of
electrical contacts between busbars and device
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Figure 3. Schematic illustration of the perovskite solar cell encapsulation stack, incorporating a)
meltable (thermoplastic) polymer or b) hydrophobic buffer layer (based on PDMS) and PET foil.
Time evolution of normalized J-V parameters of f-PSCs encapsulated with the c) thermoplastic foil or
d) hydrophobic buffer layer. Highlighted areas (beige and green colors) represent the duration of the
damp-heat test (85°CC/85% R.H.).
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the thermoplastic foil dropped below 80% of
initial performance within the first 120 h,
whereas devices utilizing the hydrophobic buf-
fer layer preserved 80% for over 700 h.

© 2022 Zhengzhou University.

35190  SUOLULLOD SAITER1D 3|ded! dde 3Ly AG paueA0h a2 S9PIL YO ‘B8N JO S3|NJ J0j AIG1T3UIIUO 8|1 UO (SUOIIPUOD-PUR-SLLLBILOY A8 | IMAleIq | BUIIUO//SANL) SUORIPUOD PUe S L 84} 35S *[€202/0T /2] Uo ARigiTauliuo A8 |IM ‘0RA 1a 1pniS 116ea A1siAIUN AQ YEVZT ZWas/200T OT/I0p/W0d™A8| M ALeld | BU1|UO//SANY LWOI) POPEOIUMOQ ‘S ‘€202 ‘9SE0SL5C



Energy &
Environmental Materials

(a) (b) (c)

Encapsulated Perovskite Films After 24h @ 85°C/85%R.H. After 200h@85°C/85%R.H.

with Edge Seal Oh
7]
I |

(d) we used encapsulated perovskite films (struc-
After 400h@85°C/85%R H.

ture: barrier foil/UV-adhesive/PET-IZO/HTL/

perovskite/adhesive/barrier foil), applied glue

K . around the sample (PIB, silicone, or no sea-
I l lant), and subjected such samples to the
damp-heat test (85 °C/85% R.H conditions).

Photographic documentation of perovskite

Increase in Perovskite degradation

Delammatton Perovsklte degradatlon starts
(@) .
After 100h @ 85°C Under Water pejamination
After 400h @ =
85°C/85%R.H. S,
All the samples [~ %
submerged into §
85°C water for =
100 hours ¢

+010)7 phase
 (001) lead peak
4 (110) « phase

decomposition at different aging times is
shown in Figure 4a—f.

After 24 h, we observed delamination taking
place in all three cases, which was caused by
poor adhesion of the UV-curable adhesive to

Furtherdegradatlonof Perovskite < _,]

Figure 4. a—e) Photographic documentation of encapsulated perovskite thin films, with and without
edge sealing (black rim—pPIB seal; white rim—silicone), which were subjected to damp-heat aging
conditions and hot water (85 °C) immersion. Samples were periodically removed from the climate
chamber to take photographs; f) XRD of perovskite films after aging tests and peeling off

encapsulation layers.

The second lamination strategy showed significantly improved
stability results, but we still observed visual changes in the per-
ovskite layers after a few hundred hours of aging. The discoloration
was originating from the sides, which prompted us to find an effec-
tive technique to block this path of moisture ingress, as shown in
Figure S9. We applied two different, commercially available edge
sealants: polyisobutylene (PIB) and silicone paste. PIB, typically used
in the form of a thick paste, was demonstrated as an effective edge
sealant for the glass/glass PSC encapsulation.!'”*® Here, we used
PIB rubber ribbons, which are easier to apply on flexible substrates.
To compare the rate of moisture ingress with different edge sealants,

14
26 [Degree]

the perovskite surface. There was no sign of
debonding on the other side, where barrier foil
adheres to the PET. The sample without any
edge sealing material was the first to show per-
ovskite yellowing (within the first 200 h),
which indicates chemical decomposition caused
by water. Slightly slower degradation was
observed for the PIB type. The sample with the
silicone seal had no visual change after 400 h of aging (see Figure 4a—
d). To accelerate the moisture-induced perovskite decomposition, we
immersed all the aged samples in the hot water (85 °C) and kept them
there for another 100 h. After the test, we observed pronounced
delamination areas; however, for the silicone-sealed sample, still, there
was no visible perovskite yellowing effect (Figure 4e). We peeled off
the barrier foil and measured the XRD of aged perovskite layers. The
patterns are shown in Figure 4f. The samples without edge sealant and
with the PIB show pronounced Pbl, phase (diffraction peak at 12.7°)
and non-perovskite 6-FAPbI; (diffraction peak at 11.7°, (010) plane).
The silicone-based sample also displays the presence of Pbl,, but no
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Figure 5. a) Pictures of an encapsulated f-PSC employing a silicone-based edge sealant; b—f) time evolution of normalized averaged photovoltaic parameters
of f-PSCs of different configurations (three cells for each variation), which were subjected to damp-heat aging (85 °C/85% RH.).
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Table 2. Specification of aging tests compliant with the IEC61215:2016
standard.

Test Conditions Hours/cycles

Damp heat 85 °C/85% RH. 1400 h

—40 °C to 85 °C with 10 min 50 cycles
dwell time for each condition

Thermal cycling

Humidity freeze 50 rounds of thermal cycling as 10 cycles
a prerequisite, followed by —40 °C
to 85 °C (30 min of dwell time),

and at 85% RH. (20 h of dwell time)

Ramp rate of 100 °C per hour
for 0 °C = 85 °C

Ramp rate of 200 °C per hour
for 0 °C = —40 °C

hexagonal § phase. This test highlights the importance of edge sealing
for achieving robust device encapsulation.

In the next step, we applied the silicone edge sealant for the laminate
stack with the hydrophobic buffer layer, which showed a superior
aging profile. Such optimized encapsulation protocol was applied to the
three different perovskite device architectures described above—HTM-
free n-i with carbon, p-i-n with carbon, and p-i-n with silver. An
example of the encapsulated solar cell with the silicone-based rim sea-
lant is shown in Figure 5a. Subsequently, we placed the devices in the

climate chamber for the damp-heat test (85 °C/85% R.H. conditions).
The cells were periodically removed from the aging setup to measure
the PV performance. Time evolution of normalized J-V parameters and
SPO values (average from the three cells of each type) is shown in Fig-
ure 5b—f. J-V and SPO curves, and a full list of PV parameters for the
best devices of each type, which were subjected to the damp-heat test,
before and after aging, are presented in Figure $10 and Table S3.

The cells with carbon, embodying n-i architecture without HTM,
displayed no drop of performance over 1400 h of stressing. Due to a
small increase in FF, the final PCE was slightly higher than the initial
efficiency. We attribute this effect to reduced contact resistance at the
perovskite—carbon interface. In planar architectures, when carbon is
processed on top of perovskite-based photoactive layers, due to the high
porosity of carbon films the conformality of this interface is often prob-
lematic, as it increases the contact resistance and affects the solar cell fill
factor.[***°] High temperatures imposed during aging can induce small
morphological changes in the carbon layer, improving the quality of
this electronic contact.!**]

The cells employing the silver back contact electrode showed a 4%
drop in performance after encapsulation, which was primarily caused
by the FF reduction (Figure 5c—f). After 1400 h of damp-heat aging,
the performance was largely preserved. This was rather unexpected,
especially given notorious silver-iodide reactivity.[51753] On the con-
trary, the p-i-n cells with carbon electrode were the least stable of all
the three PSC types, showing reductions in both Jsc and FF, over the
aging time window. It yielded 73% of the initial PCE after 1400 h of
aging. The fact that devices with silver back contact were more stable

was rather unexpected. Larger FF and Jgc drops
in carbon-based p-i-n cells suggest that increas-

(a) (b) 1.2
- 10
2 S 10
< 0.85 2
w 08 8
0,8
L >
0,6 °
e @
N N
S 04 ®
m y
£ £
— B
S 0,2 o
Z =

ing contact resistance and reduced efficacy of

1.09 . . .
1.06 carrier extraction could be a dominant degrada-
0.99 tion effect for this device type during the damp-

heat test. Such contact resistance is likely to origi-
nate at the electron-selective contact. It could be
induced by morphological changes of the carbon
layer, possibly some delamination from the Cr
interlayer, which could be induced by mechani-
cal strain from the lamination materials. We
measured PL spectra of these devices, before and

o
=)

ermal Cycles Humidity Freeze
(50 cycles) (10 cycles)

—_
(3)
~
—
(=}
-~

iermal Cycles Humidity Freeze
(50 cycles)

after 500 h of damp-heat aging (Figure S11).
We recorded higher PL intensities for the aged
samples, which indeed points to the deteriora-
tion of carrier extraction, which is more pro-

(10 cycles)

1,0

0,8

0,6

0,4

Normalized FF

0,2

silver

nounced for the carbon-based device. After the
damp-heat test, the best cells of each type (the
o-82 most stable ones) were subjected to further IEC-
based aging. We carried out thermal cycling, fol-
lowed by the humidity-freeze test. Both experi-
0.46 ments were done according to the
IEC61215:2016 specifications; the details are
listed in Table 2. A single thermal cycle takes
about 7 h, whereas 20 h is required to complete

Normalized Jsc (mA/cm?)

L 0,0
ermal Cycles Humidity Freeze
(50 cycles) (10 cycles)

0,0

Figure 6. a—d) Time evolution of normalized photovoltaic parameter values (PCE, V¢, Jsc, and FF),
recorded for the encapsulated f-PSCs of different configurations (aging tests according to the
IEC61215:2016 norm). The area highlighted in dark gray refers to the damp-heat test, the light gray
area to the thermal cycling, and the lightest gray area to the humidity-freeze test.
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ermal Cycles Humidity Freeze
(50 cycles)

one humidity-freeze cycle. A detailed sequence
of steps used for these tests is provided in
Table S1.

When the temperature is varied in such a
broad range (from —40 to +85 °C), it exerts
large mechanical strain on the laminate stack.
Delamination and cracking can provide fast

(10 cycles)
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penetration route for moisture to get inside the device, which in
turn would degrade the photoactive layer. The performance evolu-
tion for the studied devices is shown in Figure 6. All the samples
showed promising reliability, with the n-i-carbon and p-i-n-silver
device types preserving over 80% of the initial performance after
1400 h of damp heat, 50 thermal cycles, and 10 humidity-freeze
cycles. To the best of our knowledge, this is the first demonstration
of a flexible perovskite solar cell of a large active area, which sur-
vives aging tests compliant with the IEC standards. The humidity-
freeze test proved to be the most aggressive, even for the n-i-carbon
architecture, which did not show any drop in the damp heat. After
10 HF cycles, ~14% of performance degradation was observed. This
test provides the harshest stress factors due to the combined effects
of a wide range of temperature variations and prolonged heating at
high humidity levels. Engrossed water freezes inside the laminate
can exert additional mechanical strain and originate some delamina-
tion. Reductions in FF and Jgc are the main factors driving the PCE
drop (Figure 6). This could imply a propagating reduction in the
efficacy of charge extraction, which in turn could be a consequence
of strain-induced interfacial failures.!'®>*] Overall, these results sug-
gest that further work on the thermo-mechanical stability of f-PSCs,
especially related to the interfacial fracture resistance, is needed to
fully prove the long-term reliability of these devices.

3. Conclusions

In summary, we have demonstrated large-area, flexible perovskite solar
cells withstanding the IEC61215 standard damp-heat, thermal cycling,
and humidity-freeze tests. We were able to achieve this by developing a
holistic encapsulation protocol, where a barrier foil was combined with
appropriately selected adhesive materials, an additional protective buffer
layer, and effective edge sealants. The processing methodology (roll-to-
roll lamination) is a commercially viable route, routinely applied in a
thin-film PV manufacturing industry. Importantly, we showed the uni-
versality of the applied protocol, by obtaining promising stability results
for different perovskite solar cell architectures, including p-i-n and n-i
device configurations, with metallic and carbon back contact electrodes.
We believe this is an important step, providing a convincing feasibility
assessment for the long-term reliability of the flexible perovskite photo-
voltaics in real-life, outdoor conditions. Additionally, the supporting
materials utilized in the encapsulation process (PDMS-based coating,
thermoplastic foil, UV-curable adhesive, edge sealants) are cost-
effective, having litde impact on the final module production costs.
Ultra-high  barrier foils currently constitute a significant contribution
to the overall price, typically exceeding $15/m” for a single sheet,
with WVTR below the 10~* g m” day range‘[ss’ss] Nevertheless, with
the increasing demand for flexible photovoltaics, and the development
of new coating technologies, such as spatial-ALD, the price of these

products is expected to be reduced in the near future. [se.57]
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