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Abstract

With the increasing energy demands in our society and rising global warming due to the current
reliability of fossil fuels, there is an immediate need to develop renewable energy sources. In
the last decade, hybrid organic-inorganic metal halide perovskites have attracted widespread
attention in the energy research community. They have exceptional optical and electrical
characteristics, which make them an excellent class of materials for a broad spectrum of
optoelectronic applications. Additionally, the halide perovskites have inexpensive starting
materials, which makes them a perfect candidate for being utilized for photoelectric conversion
in solar cells. Since the beginning of perovskite solar cell (PSC) research, huge progress has
been made resulting in impressive power conversion efficiencies. Nevertheless, various

challenges must be solved before bringing this technology to market.

Some of the priority problems in the advancement of PSCs concern (i) the development of
environmentally friendly procedures for the synthesis of stable perovskites, (ii) the
improvement of existing procedures to produce more efficient perovskite materials and
corresponding films for solar cell applications, (iii) an in-depth understanding of the
relationship between the composition and the intrinsic electronic properties of perovskite
materials, (iv) searching for efficient semiconducting materials suitable for effective electron
transport layers, and (v) passivation of interfaces for achieving highly stable and efficient PSCs.
Many previous attempts have been made to address these issues, however, further research is
still needed. The study presented in this thesis has tackled the abovementioned facets of this

very promising and fertile landscape for chemistry, materials science, and society.

One task of the study focused on using an efficient and solvent-free mechanochemical method
for synthesizing 2D Ruddlesden-popper layered perovskite materials with the general formula
AoMA.1Pbalsn+1. Three distinct potential spacer cations (A-site cation) were investigated:
n- butylammonium (BA), 2-phenylethylammonium (PEA), and 2H-pyrimido[1,2-
a]pyrimidine-1,3,4,6,7,8-hexahydro-hydroiodide as a cyclic guanidinium (c-Gua), and the
resulting materials were characterized using powder X-ray diffraction (XRD) method, UV-Vis
absorption spectroscopy, and the solid-state NMR spectroscopy. The studies demonstrated the
successful formation of pure phase layered structures in the case of n=1, 2, 3 for BA cation,
n=1 for PEA cation, and mixed phases in the case of n=2, 3 for PEA cation. Surprisingly, the
c- Gua cations resulted in non-perovskite structures. It was also found that the bandgap of 2D

perovskite materials produced with BA and PEA decreased as the value of n increased.
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The subsequent task aimed at the preparation of high-quality single crystals of single cation
(MAPDI3) and double cation (GuaxMAxPbl3) perovskites and study the effect of a large
guanidinium (Gua) cation on the ion transport dynamics in the single crystalline GuaxMA -
«Pbl3 perovskite composition using temperature-dependent electrochemical impedance
spectroscopy (EIS). The single crystals were obtained using the inverse temperature
crystallization (ITC) technique and their basic characterizations were carried out by XRD, UV-
Vis spectroscopy, and the liquid-state NMR spectroscopy. The EIS studies by collaborators
revealed that MAPbI; crystals had a relatively low trap density, and its net impedance spectrum
was a result of ionic capacitance and conductivity-related resistance. The incorporation of Gua
cation in the 3D perovskite structure induces lattice enlargement, which perturbs the atomic
interactions within the perovskite lattice. It was then confirmed by the EIS that the activation
energy of iodide migration inside the GuaxMA <Pbls crystal decreases due to the expansion of
lattice upon the incorporation of Gua cation in the 3D perovskite structure, which further
increases the hysteresis effect in current-voltage characterization as compared to that of the
single-crystalline MAPDI; counterpart. The results provide the fundamental understanding of
hysteresis, which is commonly observed in Gua-based PSCs, and a general protocol for in-

depth electrical characterization of perovskite single crystals.

Another part of the research focused on the fabrication and characterization of high-efficiency
mesoscopic PSCs based on a 3D double cation perovskite system containing Cs and
Formamidinium (FA) as the A-site cations. Thin films of Cso2FA.sPblz were deposited using
a newly developed one-step solution processing technique, where CsCl was employed as
a source of Cs cation instead of the conventionally used Csl. The SEM and AFM images
revealed that the resultant 3D Cso2FAosPbls material created a highly homogeneous and
smooth perovskite layer with huge grains up to a micrometre in size. These films were later
used to fabricate mesoscopic PSCs with an architecture of FTO/c-TiO2/m-
Ti10,2/Cso2FAo.sPbls/spiro-OMeTAD/Au. The current density-voltage (J-V) characterization of
the devices showed that a high power conversion efficiency (PCE) of 20.6 % was achieved for
the champion PSC, with a stabilized PCE of 19.85 %. Further, in order to reduce the defects of
the perovskite layer, it was then passivated using two organic salts: 1-adamantylamine (ADA)
and guanidinium iodide (Gual). The passivation from Gual exhibited a minor improvement in
the open-circuit voltage (Voc) of devices, suggesting the suppression of non-radiative charge

recombination.
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The final part of the thesis elucidated an innovative research work by employing a unique
zwitterion (betaine) encapsulated ZnO quantum dot (QD) as the electron transporting layer
(ETL) and their further passivation for the fabrication of high-efficiency planar PSC. When
alayer of ZnO QDs was used as the ETL in a solar cell with an architecture of
FTO/ZnO/(FAPDbI3)0.97(MAPbBr13)0.03/EAl/spiro-OMeTAD/Au, the best device exhibited
a PCE of up to 16.7 %. Subsequently, for the optimization of the ZnO/perovskite interface,
several ammonium halides (NH4F, NH4Cl, and NH4Br) were used as passivation agents. As a
consequence, the ZnO/perovskite band alignment was improved and non-radiative
recombinations were minimized. The greatest enhancement was seen in the fill factor (FF) of
devices, which dramatically increased from 71.5 % for the reference device to 80.3 % for the
NH4F passivated device. The best performing solar cell with the NH4F passivation exhibited
a champion PCE of 21.9 %, a significant gain in the PCE of 31 % over the reference device.
The NH4F passivated device was also stable for up to 250 hours of continuous illumination

under 1 Sun light, keeping 78 % of the initial PCE.

In conclusion, the research outcomes presented in this thesis concerned several aspects of the
fertile perovskites chemistry landscape, giving insights into both the development of synthesis
methods, as well as, the understanding of inherent structural and optoelectronic properties of
the resulting materials. Furthermore, the fabrication of high-performance PSCs in the
mesoporous architecture involving double cation perovskite composition as well as in the
planar architecture with a novel ZnO QD-based ETL was also elaborately investigated. The
results should pave the way for further advancement of this highly promising and valuable field

of materials’ chemistry.
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Abstrakt

Uwzgledniajac wzrastajace spoteczne zapotrzebowanie na energi¢ oraz skale skutkow globalnego
ocieplenia, istnieje potrzeba wspierania 1 rozwoju energetyki odnawialnej, w tym m.in.
fotowoltaiki. W minionej dekadzie hybrydowe organiczno-nieorganiczne materialy perowskitowe
bazujace na halogenkach metali budzg szerokie zainteresowanie w obszarze nowej generacji ogniw
fotowoltaicznych. Tego typu materiaty posiadajg wyjatkowe wiasciwosci zar6wno optyczne, jak i
elektryczne, co czyni je doskonalg klasag materialdw o szerokim potencjalnym spektrum
zastosowan optoelektronicznych. Ponadto substraty stosowane w procesie wytwarzania
perowskitow halogenkowych sg tatwo dostepne, relatywnie tanie, i w efekcie wspomniane
materialy stajg si¢ idealnymi kandydatami do wykorzystania w procesie konwersji fotoelektryczne;j
w nowej generacji ogniwach fotowoltaicznych. Dlatego, od ponad dekady obserwuje si¢ niezwykle
dynamiczny rozwoj badan nad perowskitowymi ogniwami stonecznymi (ang. perovskite sollar
cells, PSCs), czego skutkiem jest m.in. imponujaca sprawno$¢ ogniw fotowoltaicznych i ich
ogromny potencjat komercjalizacyjny. Niemniej jednak, wiele wyzwan musi zosta¢ pokonanych

przed ewentualnym wdrozeniem tej technologii do uzytku powszechnego.

Obecnie priorytetowe zagadnienia zwigzane z rozwojem perowskitowych ogniw fotowoltaicznych
obejmujg migdzy innymi (i) opracowanie przyjaznych dla rodowiska procedur syntezy materiatow
perowskitowych, (ii) udoskonalenie istniejacych juz procedur w celu wytwarzania wydajniejszych
materialow perowskitowych i odpowiednich filmow jako komponentow ogniw fotowoltaicznych,
(iii) pelniejsze zrozumienie korelacji pomiedzy sktadem chemicznym a wiasciwoséciami
elektronowymi materiatow perowskitowych, (iv) poszukiwanie nowych, efektywnych materiatow
potprzewodnikowych do wytwarzania wydajnych warstw transportujacych elektrony (ETL) oraz
(V) pasywacja powierzchnii przestrzeni miedzyfazowych pomigdzy warstwami aktywnymi w celu
poprawy stabilnosci 1 efektywnosci ogniw perowskitowych. Problematyka badawcza
prezentowanej rozprawy doktorskiej dotyczy wyzej wymienionych interdyscyplinarnych aspektow
i faczy badania prowadzone na styku obszarow, takich jak chemia i nauka o materialach oraz

wytwarzanie urzadzen fotowoltaicznych.

Jedno z rozwijanych zagadnien badawczych koncentrowato si¢ na zastosowaniu prostej i wydajnej
bezrozpuszczalnikowej metody mechanochemiczne; do wytwarzania dwuwymia-rowych
materiatow perowskitowych typu Ruddlesden-Popper o wzorze ogolnym A>;MAn.Pbulsn+i.
Zbadano trzy rozne potencjalne kationy rozdzielajace A: kation n- butyloamoniowy (BA),
2- fenyloetyloamoniowy (PEA) 1 2H-pirymido[1,2-a]pirymidyno-1,3,4,6,7,8-heksahydrojodkowy
(cyklicznej guanidyny, c-Gua), a otrzymane materialy scharakteryzowano z zastosowaniem
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technik analitycznych takich, jak: proszkowa dyfrakcja rentgenowska (XRD), spektroskopia
absorpcyjna UV-Vis oraz spektroskopia magnetycznego rezonansu jadrowego (NMR) w ciele
statym. Badania wykazaly pomyslne powstawanie czystych fazowo struktur warstwowych w
przypadku n =1, 2, 3 dla kationu BA, n =1 dla kationu PEA oraz wyst¢powanie faz mieszanych
w przypadku n =2, 3 dla kationu PEA. Natomiast kationy c-Gua prowadzity do powstawania
struktur nieperowskitowych. Jednocze$nie wykazano, ze szeroko$¢ przerwy energetycznej
dwuwymiarowych materiatéw perowskitowych otrzymanych przy uzyciu BA oraz PEA

zmniejszala si¢ wraz ze wzrostem wartosci n.

Kolejne zadanie obejmowalo otrzymanie wysokiej jako$ci monokrysztatow perowskitow
jednokationowych (MAPbI3) oraz dwukationowych (GuaxMA«Pbl3), a takze badanie wplywu
duzego kationu guanidyniowego (Gua) na dynamike transportu jondw w monokrystalicznej
kompozycji  perowskitu GuaxMA.Pbls przy uzyciu elektrochemicznej spektroskopii
impedancyjnej (EIS). Monokrysztaty otrzymano technikg odwrdoconej krystalizacji temperaturowe;j
(ITC), a ich podstawowa charakterystyke okreslono na podstawie danych XRD, spektroskopii UV-
Vis oraz spektroskopii NMR w fazie ciektej. Przeprowadzone przez wspotpracownikéw badanie
EIS ujawnito, ze krysztaly MAPbI; wykazuja stosunkowo niskg gestos¢ stanow putapkowych, a
ich widmo impedancyjne wynikato z pojemnosci jonowej 1 rezystancji zwiazanej z przewodnoscia.
Wprowadzenie do trojwymiarowej struktury perowskitu rozbudowanego przestrzennie kationu
guanidyniowego skutkuje powigkszeniem parametréw sieci, co zaburza oddzialywania atomowe
w sieci perowskitu. Badanie EIS potwierdzito, Ze energia aktywacji migracji jodku wewnatrz
krysztatu GuaxMA | xPblz zmniejsza si¢ w wyniku rozszerzania sieci po wbudowaniu kationu Gua
w strukture 3D perowskitu, co dodatkowo zwigksza efekt histerezy w poroéwnaniu do
monokrystalicznego odpowiednika MAPbI;. Wyniki dostarczajg fundamentalnego zrozumienia
histerezy pradowej, ktora jest powszechnie obserwowana w perowskitowych ogniwach
fotowoltaicznych opartych na kationie Gua, oraz ogdlnego protokotu do dogltgbnej charakterystyki
pojedynczych krysztaléw perowskitowych.

Kolejna cz¢§¢ badan skupiata si¢ na wytwarzaniu i1 charakterystyce wysokowydajnych
mezoskopowych perowskitowych ogniw fotowoltaicznych (PCS) opartych na uktadzie
dwukationowego perowskitu 3D zawierajacego kation Cs i formamidynowy (FA) w pozycji A.
Cienkie warstwy Cso.20F Ao 30Pbls zostaly osadzone przy uzyciu nowo opracowanej, jednoetapowe;j
metody mokrej, w ktorej jako zrdédto kationu Cs zastosowano CsCl zamiast powszechnie
stosowanego w tym celu Csl. Obrazy SEM 1 AFM ujawnity, ze uzyskany material 3D o sktadzie
Cs0.20FAo.30Pbls tworzy wysoce jednorodng i plaska warstwe perowskitu z duzymi ziarnami

o wielkosci zblizonej do mikrometra. Cienkie filmy zostaty nastepnie wykorzystane do otrzymania
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mezoskopowych  PSC o  strukturze = FTO/c-TiO2/Cso.20FAo.30Pbls/spiro-OmeTAD/Au.
Charakterystyka pradowo-napicciowa wykazata wysoka wydajnos¢ (PCE) tych ogniw wynoszaca
20.6% dla rekordowego PSC, przy stabilnej wydajnosci wynoszacej 19.85%. Nastepnie warstwa
perowskitowa zostala poddana pasywacji przy uzyciu dwoch zwiazkow organicznych,
tj. amantadyny (ADA) ijodku guanidyny (Gual), w celu zmniejszenia defektow. Pasywacja z Gual
wykazata niewielka poprawe napigcia obwodu otwartego (Voc) urzadzen, sugerujac wygaszanie

niepromienistej rekombinacji no$nikow tadunku.

W ostatniej czegSci niniejszej rozprawy przedstawiono innowacyjne badania z wykorzystaniem
unikalnych kropek kwantowych ZnO stabilizowanych krétkotancuchowymi jonami obojnaczymi
(tj. betaing) do fabrykacji warstwy transportujacej elektrony (ETL) w planarnych PSCs.
W przypadku zastosowania kropek kwantowych ZnO jako warstwy ETL w ogniwach
fotowoltaicznych o architekturze FTO/ZnO/(FAPbI3)0.97(MAPbBr3)0.03/EAl/Spiro-MeoTAD/Au
otrzymano ogniwo o najlepszej PCE na poziomie 16,7%. Nastepnie, jako zastosowano halogenki
amonu (tj. NH4F, NH4Cl i NH4Br) jako czynniki pasywacyjne na granicy miedzyfazowe;j
ZnO/perowskit. W konsekwencji poprawie uleglo dopasowanie poziomoéw energetycznych dla
uktadu ZnO/perowskit z jednoczesnym zminimalizowaniem rekombinacji bezpromienistych.
Najwieksza poprawe zaobserwowano we wspotczynniku wypetnienia (FF) ogniw, ktory wzrost
z71,5% do 80,3% (dla ogniwa pasywowanego z uzyciem NH4F) liczac wzgledem ogniwa
referencyjnego. Najlepiej dziatajace ogniwo fotowoltaiczne pasywowane NH4F wykazato
rekordowe PCE na poziomie 21,9%, co oznacza znaczny wzrost PCE o 31% w poréwnaniu
z ogniwem referencyjnym. Ponadto, ogniwo pasywowane NH4F wykazato stabilnos¢ pracy do 250
godzin ciaglego oswietlenia przy o$wietleniu rownowaznym 1 warto$ci intensywnosci

promieniowania stonecznego, zachowujac 78% poczatkowej wartosci PCE.

Podsumowujac, wyniki badan prezentowane w rozprawie doktorkiej dotycza wielu watkéw bogate;j
chemii perowskitow, dajac wglad zar6wno w rozwdj metod syntezy jak i wiedz¢ na temat
nieodlacznych wiasciwosci strukturalnych i optoelektronicznych otrzymanych materiatow.
Ponadto, zaprezentowano oryginalne badania nad fabrykacja wysokowydajnych ogniw
perowskitowych opartych o mezoporowatg architektur¢ i perowskity dwukationowe, a takze
wykorzystujacych architekture planarng z zastosowaniem wysoce innowacyjnych kropek
kwantowych ZnO jako warstwy przewodzacej elektrony. Otrzymane wyniki przyczyniaja si¢ do

dalszego rozwoju tego bardzo obiecujacego i wartosciowego dziatu chemii materialowe;.
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Chapter 1: Introduction

1.1 Global energy demand and sustainability

With the increase in the world population and technological developments, the global energy
demand has raised exponentially in recent years. In 1995, the global energy consumption was
8,588.9 million tonnes of oil equivalent (mTOE), which increased to 13,147.3 mTOE in 2015
!, Presently, the three major fossil fuel sources, namely coal, petroleum, and natural gas fulfill
about 80% of the energy requirements around the planet. Fig. 1.1 presents the consumption of
energy by these sources globally from 1965 to 2019 in terra watt-hour or TWh (1TOE = 1.163
X 10° TWh) 2. However, these fossil fuels have presented serious challenges to the
environment like water pollution, land degradation, and air pollution. When the fuel is burnt, a
huge amount of CO> gas is emitted and it traps the heat inside the earth’s atmosphere, which
results in increasing global warming. Additionally, the burning of fuel also results in the
production of harmful pollutants. Due to the significantly increased emission of carbon since
the 1970s, visible climate change, as well as environmental degradation, has been observed °.

Furthermore, fossil fuels will run out eventually as they exist in a limited quantity on earth.

Fig. 1.1: Statistical global energy consumption by different energy sources from 1965 to 2019 2.
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The growth of any nation is essentially dependent on energy resources. Therefore, the energy
industry must continue to expand to meet future demands while also keeping up with
civilization's growth. It is expected that by 2040, the overall global energy consumption will
reach 17,487 mTOE. Relying on fossil fuels to achieve this demand is not a smart idea since
it can have disastrous consequences for our climate. As a result, emphasis should be placed on
the creation of a sustainable energy supply, which entails lowering the use of fossil fuels,
minimizing pollution, and optimizing energy utilization. In this regard, renewable energy
technologies hold enormous promise for sustaining current development and meeting future
demands. They will also promote the decarbonization of our energy systems. Renewable
energy sources such as solar energy, geothermal energy, hydropower, wind energy, tidal
energy, and others have demonstrated a strong potential to meet future energy demands. Fig.
1.2 depicts the growing trend in the global proportion of energy generation from renewable
sources over the last few decades *. Although hydropower has contributed significantly to
renewable energy generation thus far, solar energy has also been developing fast since 2010

and is considered to be the most promising.

Fig. 1.2: Evolution of global energy generation by different renewable energy sources during
1985-2020.

31

http://rcin.org.pl



1.2 Solar energy

The Sun is an abundant source of energy and most importantly, the solar energy received by
the earth comes at no cost. In one year, the Sun provides approximately 174 000 TW of solar
radiation °. The amount of solar energy falling on the Earth in one hour is greater than the total
energy consumed by everyone in the world in one year. Solar energy reaching the Earth in the
form of electromagnetic radiations extends from the ultraviolet (UV) to the deep infrared (IR)
region. Solar irradiance is defined as the power per unit area received by the Earth in the form
of light energy and it is measured by an instrument in a particular wavelength region of the
electromagnetic waves. However, the irradiance is not uniform throughout the journey of

radiation from the Sun to the Earth. Fig. 1.3 shows different intensities of irradiance as a
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Fig. 1.3: Solar irradiance as a function of wavelength in the extra-terrestrial region, direct solar
radiation, diffuse sky radiation, and total radiation on horizontal surface °.

function of wavelength in the range from 250 nm to 2000 nm. As shown in Fig. 1.3, in extra-
terrestrial space, the solar irradiance is highest (black line), and it decreases as the sunlight
enters and propagates through the Earth’s atmosphere. Due to the absorption, reflection, and

scattering by the atmospheric components, the intensity of irradiance decreases. The direct
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irradiance (yellow line) is measured on the Earth’s surface at a given location and the surface
element is taken perpendicular to the Sun, excluding the diffused radiations. Total on horizontal
surface irradiance (red line) is the solar radiation measured in a similar manner as in the case
of direct irradiance but with the surface element parallel to the Sun. Diffuse on horizontal
surface irradiance (blue line) is the sum of light scattered by molecules and particles present in
the atmosphere and it is measured on a horizontal surface. To have an idea of the numbers, the
average annual solar irradiance is about 1361 W/m? in the extra-terrestrial region on top of the
Earth’s surface and it reduces to a value of 1000 W/m? for normal incidence at sea level on a

clear day’.

The performance of a solar cell, which converts incident solar light into electricity, fluctuates
with the change in incident power and spectrum of light. As a result, to avoid the variations in
the measurement conditions at different times and locations on the Earth, a standard spectrum
and power density have been established for the electromagnetic radiation coming from the
Sun. AM denotes the air mass, which is the path length travelled by the sunlight into the
atmosphere normalized to the path length defined by the shortest possible distance between the
Earth and the Sun. This also signifies the reduction of solar power after entering the
atmosphere. AMO and AM1.5 are defined as the standard spectrums outside the surface of the
Earth and at the surface of the Earth, respectively. In the case of AMO, the light does not enter
the Earth’s surface and there is no decrease in power, hence this spectrum is utilized to calculate
the efficiency of solar cells in outer space. For AM1.5G (G stands for global and incorporates
direct and diffuse radiations) or AM1.5D (D indicates direct radiation only), the intensity of
light is reduced by the absorption of air molecules and dust after entering Earth’s atmosphere.
The power density for AM1.5G has been approximately calculated to be 1kW/m? and this has

been globally used for the measurement of photovoltaic efficiencies.

1.3 Basic photovoltaic principles

When the sunlight falls on certain types of photoactive (PV) materials, it can be effectively
converted into electricity at the atomic level. These materials display photoelectric effect and
this phenomenon is called photovoltaics. French scientist, Edmund Becquerel, first discovered
the photoelectric effect in 1839 8. In 1905, Albert Einstein explained the photoelectric effect

by considering the discrete nature of light, which means light is made of particles called
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photons with an energy proportional to the frequency of light, E = hv (h is the Plank’s constant).
When these photons enter the photovoltaic materials, they transfer their energy, and electrons
are emitted from the material. Solar cells or photovoltaic cells also work on the same principle,
where the absorbing layer of the cell absorbs the sunlight and converts it into freely flowing
charge carriers °. The evolution of different photovoltaic technologies is briefly reviewed in

the next section.

1.4 Evolution of different photovoltaic technologies

The first solar cell was developed in 1883 with the help of a Selenium crystal and a layer of
Gold. This cell exhibited a very low power conversion efficiency (PCE) of 1%. In simple
words, PCE is the efficiency by which a solar cell converts sunlight into electricity, and details
about its calculation are discussed in Section 1.5.2. Later in 1954, the first solar cell based on
Silicon was fabricated in Bell’s lab and it converted the sunlight into electricity with an
efficiency of 6% '°. This gave birth to the first generation of solar cells, which are produced
mainly from Silicon single crystal and bulk polycrystalline Silicon wafers '!. Due to the usage
of thick (160-200 pm) and rigid Silicon wafers, the first generation cells have the disadvantage
of being dependent on the wafer size and have the limited possibility of cost reduction.
Additionally, they have high production and environmental cost, which has encouraged

researchers to look for other alternatives.

The second generation of solar cells, also known as thin-film solar cells, was developed in the
1980s, and this technology was based on thinner films (a few nm up to 10 um) of the
photoactive layer as compared to first-generation devices. Semiconducting materials such as
amorphous Silicon, thin Silicon films, Copper Indium Gallium Selenide (CIGS), and Cadmium
Telluride (CdTe) are used to fabricate the second-generation photovoltaic cells '!. This class of
solar cells has the advantage of less material usage as compared to the first generation.
Furthermore, they can also be deposited on large-area substrates. However, the high production

and environmental cost remain a problem in the second generation cells.

After several years of research, scientists have been able to find several materials for
overcoming the challenges presented by first and second-generation solar cells. The third
generation of solar cells uses the latest technologies for the production of high-performance

solar cells and possesses the advantages of low-cost production and minor environmental
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impact. They can be divided into organic photovoltaics, dye-sensitized solar cells (DSSC),

quantum dot solar cells, and perovskite solar cells (PSC).

The DSSCs, also known as Gritzel cells, have several advantages over other photovoltaic
technologies due to their simple processing, low cost, and flexibility. It was first invented by
Michael Gritzel and Brian O’Regan in 1988 and they were able to achieve a PCE of ~7% 2.
In a typical DSSC device, a light-absorbing monomolecular layer of dye molecules (usually
ruthenium complexes) is deposited on top of a porous TiO> nanoparticle layer. This bilayer is
then immersed into a liquid electrolyte solution (an organic solvent containing iodide/triiodide
couple), on top of which a catalyst layer based on platinum is deposited. The device is
completed by depositing cathode and anode layers, both of which are made of either indium
tin oxide (ITO) or fluorine-doped tin oxide (FTO), at the opposite sides of the electrolyte. When
the light is incident on the device, dye molecules absorb the photons and generate electrons,
which then travel to the TiO> layer. These electrons, after being collected at the electrode and
flowing through the external circuit containing a load, re-enter the device from the back
electrode and then flow towards the electrolyte. Subsequently, the electrons are transported

back to the oxidized dye molecules by the electrolyte.

In the third-generation solar cells, the next important achievement was the development of
PSCs, which originated from DSSCs in 2009. By replacing the dye molecules in the liquid
electrolyte solution with perovskite nanocrystals, the solar cell produced an efficiency of
3.8% '3, Later, modifications were made and an all-solid-state solar cell based on perovskite
as the absorbing layer was developed in 2012, producing a high PCE of 9.7% !*. Since then an
enormous amount of effort has been put by researchers to boost the performance of perovskite-
based solar cells. The development of PSC technology will be discussed in detail in the next
sub-section. The high PCE, tunability of properties, easy processing, low-cost production, and
usability in the flexible substrates make PSCs a strong contender to the commercially available
Si-based photovoltaics '>!%1"18_The current record for the highest efficiency of PSC stands at
a remarkable value of 25.7%, which is close to the theoretical limit '°. This technology has
been the most efficient and cheapest among other third-generation photovoltaic cells '62%2!,
Although PSCs have shown huge progress in the last decade, challenges such as long-term
stability, toxicity and scalability need to be addressed before they can be successfully
commercialized >?*. These challenges will be broadly discussed in Section 1.9. Another

crucial innovation in third-generation solar cells has been the evolution of tandem architectures.
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In these devices, several absorber layers of different materials or the same materials with

different bandgaps are stacked on top of each other instead of a single absorber layer.

The main goal of multiple layers is to maximize the absorption of sunlight for getting higher-
performing photovoltaic cells and even going beyond the theoretical Shockley-Quessier
efficiency limit (discussed in Section 1.5.1) 2*. Owing to the bandgap tunability of perovskites,
they make a perfect candidate for tandem devices. In the tandem architecture, perovskites can
be combined with other PV materials for fabricating high-efficiency devices 2°. Currently, the
perovskite silicon tandem solar cells have achieved a record efficiency of 29.8% 26. The

evolution of different photovoltaic technologies over the past few decades is shown in Fig. 1.4.

Fig. 1.4: Evolution of power conversion efficiencies of different photovoltaic technologies
from 1975 to 2022 '°.

1.4.1 A general overview of the development of perovskite solar
cells

The PSC is an exciting and thriving field, which has shown a huge progress in the past decade.
As compared to the existing photovoltaic technologies based on Si, GaAs, CdTe, organic
polymers, quantum dots, dyes, etc., the efficiency of PSCs has remarkably increased from 3.8%
to 25.7% in a very short span of time '° (Fig 1.4). The current solid-state architecture of the

PSC was achieved by carrying out some modifications in the DSSC configuration as discussed
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in the previous section. The first work of perovskite materials used in the DSSC configuration
was reported by Kojima et al. in 2009 3. They fabricated methylammonium lead halides
(MAPbHX3) and used them as a liquid sensitizer in the DSSC structure and achieved a PCE of
3.8%. The chemical compositions and crystal structures of lead halide perovskite materials are
discussed comprehensively in Section 1.6. Unfortunately, the perovskite material had a
tendency to dissolve into the liquid electrolyte and it restricted the improvement of solar cell
efficiency. Later, in 2012, Kim et al. designed an all-solid-state device structure to solve the
solubility issue. In their work, they used methylammonium lead iodide (MAPDbI3), and the
solid-state mesoscopic heterojunction solar cells boosted PCE to 9.7% '*. A breakthrough was
achieved in 2016 when Saliba et al. incorporated the inorganic Cs into the mixed organic cation
perovskite composition 2. By doing so, they were able to produce pure perovskite films of the
composition Csx(MAo.17F Ao.83)(100-x)Pb(lo.83Br0.17)3 with monolithic grains and highly efficient
and reproducible solar cells with efficiencies >20 %. Many research groups have been working
on different components of the devices in order to further improve the PCEs and reach the
theoretical Shockley-Queisser limit. Now, the device efficiencies >25% have been achieved

for hybrid halide perovskite solar cells as shown in Fig. 1.5 As the PCE of perovskite-based

Fig. 1.5: Progress in PCE of Pb-based and Pb-free perovskite solar cells since 2009 (adapted
from 2%).
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solar cells are now reaching the theoretical limit, the next challenge that researchers are trying
to solve is increasing the environmental stability as well as reducing the toxicity of perovskites.
The operational stability of perovskites with organic A-site cations has major operational
stability issues due to the high volatility of organic components and light-induced phase
segregation. Therefore, researchers have turned their attention toward all-inorganic perovskite
compositions to tackle the stability issues. The all-inorganic perovskites have Cs cation at the
A-site and they tend to have a better thermal, chemical, and optoelectronic stability as
compared to their organic counterparts 2°. Recently a high efficiency of >20 % was reported
for CsPblz-based PSCs *°. Although all inorganic perovskites have produced high-performing
solar cells, the photoactive phase of CsPbls perovskite is unstable at room temperature and the
perovskite films have a large number of defects present in the bulk films hence PSCs based on
these are still not as good as hybrid perovskites *!*2. In order to address the toxicity issue of
Pb, the efforts are directed toward producing Pb-free perovskite compositions. For replacing
the Pb atom in the perovskite structure, other non-toxic divalent metals have been used 283
(discussed in the next section. So far Pb-free PSCs have not achieved efficiencies comparable
to that of Pb-based high-efficiency devices and a lot of research is going on for improving the
performance of Pb-free devices. Furthermore, the next step in the field of PSC research is to
bring this technology to market for practical use. However, the commercialization of PSCs

faces several obstacles, and details about these are discussed in the following section.

1.5 Components and working principles of perovskite solar
cells

As discussed earlier, a solar cell is an electrical device that covnerts solar light into electricity.
It consists of several layers stacked on top of each other for extracting the photogenerated
charge carriers. The most important layer is the photoactive absorber layer, which is made up
of a semiconducting material with high optical absorption, high electrical conductivity, and a
suitable bandgap. In regard to the topic of this thesis, the complete schematic of a conventional
PCS device is shown in Fig. 1.6. In a complete device, there are several layers including the
electrode layers, the electron transporting layer (ETL), the hole transporting layer (HTL), and
perovskite as the light-absorbing layer. FTO, which is transparent as well as conducting, is

generally used as the front electrode and is deposited on a glass substrate. The most commonly
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used ETLs can be prepared from n-type semiconducting oxides such as TiO2, SnO», and ZnO
(details about the ETL are discussed in Section 1.8). The photoactive layer, which is made from
halide perovskites can have a variety of different compositions such as single A-site cation,

mixed A-site cation, or mixed halide (X-site) perovskites. (for details, refer to Section 1.6).

Fig 1.6: Schematic diagram of a conventional perovskite solar cell device and its working.

Spiro-OMeTAD (2,2',7,7'-tetrakis[ N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene) and
gold are generally used as HTL and back electrode in the high-efficiency PSCs. Fig. 1.7 shows
the energy level alignment of different layers and the flow of charge carriers generated by the
sunlight in a typical PSC. Once, the light enters the device from the FTO side of the device and
reaches the perovskite layer, excitons (a bound state of " and h") are created. The dissociation
of excitons takes place due to the presence of an in-built electric field inside the perovskite
layer. After the charges are separated, the e is extracted from the lowest occupied molecular
orbital (LUMO) of perovskite to the LUMO of ETL and finally to the FTO electrode. Similarly,
h" is extracted from the highest occupied molecular orbital (HOMO) of perovskite to HOMO
of HTL and then Au electrode. The photogenerated charge carriers start flowing when the
device circuit is completed through to an external load and current is produced. During the

above process, another phenomenon takes place, which is the recombination of charges before
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they reach the respective electrodes. These recombinations are non-radiative in nature and lead
to the lower performance of solar cells. One of the major causes of non-radiative recombination
is the presence of defects. Several strategies have been followed to reduce these defects and

they are discussed in detail in sub-section 1.9.2.

Fig. 1.7: Band alignment and flow of charge carriers in a conventional PSC.

1.5.1 Device Architectures

In the PSC devices, mainly two types of device configurations have been adopted by the
researchers, namely normal and inverted. These configurations have the positions of ETL and
HTL interchanged. The inverted structure is beyond the topic of this thesis, hence, it will not
be discussed further. The normal configuration can be further divided into two categories:
planar and mesoscopic. Between these two architectures, the main difference lies in the
morphology of materials used in the ETL. More information about ETLs is discussed in detail
in Section 1.7, with the emphasis on ZnO-based planar PSCs. As shown in Fig 1.8, in the case
of planar structure, typically a compact layer of TiO2, SnO>, or ZnO is deposited as the ETL
before the perovskite layer **. However, in the mesoscopic structure, an additional mesoporous
scaffold of a metal oxide is deposited on top of the compact layer. Most commonly used

mesoscopic nanoparticles are composed of TiO2, Al,O3, ZrO,, or SnO,**. This additional layer
40

http://rcin.org.pl



provides a larger surface area, which is in contact with the perovskite layer and provides an
improved charge transport. Therefore, due to the better electron extraction capability of

mesoporous structures, higher-performing cells can be fabricated *°.

Fig. 1.8: Schematic of device architecture for (a) planar and (b) mesoscopic perovskite solar
cells.

Remarkably, various defects are present at the grain boundaries and at the surface of both the
electron transport and perovskite layers as well as the perovskite/ETL and perovskite/HTL

interfaces 3°.

These defects produce non-radiative recombination centers and cause
misalignment of energy bands between perovskite and charge-transportting layers, which
compromises the performance of solar cells by majorly reducing the flow of charges and
stability of the devices . The ion migration at the interface is another issue that needs to be
resolved. Perovskite materials are also inherently unstable due to their easy degradation in the
presence of moisture, oxygen, UV-light, and high temperature *3. Therefore, in order to boost
the efficiencies of PSCs further and obtain higher stability, the passivation of defects has been
adopted widely by researchers as an effective strategy *°. The passivation can be carried out for
either the perovskite layer or charge transporting layers or both in a PSC. Two approaches have
been followed for the passivation: 1) bulk passivation by mixing the passivation agent with the
corresponding material followed by thin film deposition 2) surface passivation by depositing

an extremely thin layer of the passivating agent on top of the desired layer. More about the

types of materials used for the passivation of different layers is discussed later in Section 1.9.2.

41

http://rcin.org.pl



Once the device structure is completed, it is subjected to various characterization methods in
order to determine the performance and other properties. These characterizations are discussed

in the following section.

1.5.2 Characterization of solar cell devices

The most common electrical characterization of solar cells is carried out by illuminating the
cell at 1 Sun (at AM1.5 G conditions, 1 Sun is defined as the irradiance equal to 1000 W/m?)
and measuring its output current versus voltage (I-V) characteristics. Graphically, the
relationship between current and voltage for a solar cell operating at a certain irradiance and
temperature is similar to the curve as shown in Fig 1.9. This type of I-V characteristics gives
information about the solar cell’s capacity of converting sunlight into DC (direct current).
When the circuit of the solar cell is in an open position i.e. solar cell is not connected to any

load,

Fig 1.9: Typical I-V characteristics of a working solar cell device.
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the current flowing through the cell is zero and the maximum voltage is obtained. This
maximum voltage achieved from a solar cell is referred to as open-circuit voltage (Voc). The
Vo is the point on the x-axis where the current is zero in the diagram. When the solar cell is in
the short-circuit position i.e. the positive and negative terminals are joined together, the voltage
obtained across the cell is zero. The current obtained from the cell has the maximum value in
this arrangement, and it is referred to as short circuit current Isc (point on the y-axis where
voltage is zero). To eliminate the area dependency, the output current is divided by the active
area of the solar cell, yielding current density or J (SI unit A/m?). Therefore, the J-V curves are
normally plotted for better understanding and they have been used to discuss the characteristics

of PSCs in Chapters 4 and 5 in this thesis.

While Isc and V. represent the highest current and voltage that a solar cell can produce, the
output power is zero at these operating points since the product of current and voltage is zero.
Therefore, another parameter known as the fill factor (FF) is employed to calculate the
maximum power derived from the cells. The point on the I-V curve where the product of V
and I is greatest or where the power is greatest is called the maximum power point (MPP). The
fill factor is defined in this context as the ratio of the product of voltage and current at MPP to

the product of Vo and Isc.

FF = Vmpp fmpp
VOC ISC
where Vmpp and Inpp are the voltage and current at the MPP, respectively, as indicated in the I-
V curve. Graphically, FF represents the extent of the I-V curve's squareness as well as the
rectangle with the largest area that can fit inside the -V curve (shaded blue area in Fig. 1.9). It
indicates that the higher the fill factor, the more square the I-V curve is. Finally, the power
conversion efficiency (PCE) is the most significant parameter for assessing solar cell
performance. It is defined as the ratio of solar cell output power to solar cell input power from
the Sun. As discussed in section 1.2, the efficiency of a solar cell depends on the intensity as
well as the spectrum of solar light. Therefore, the measurements are carried out at AM1.5G as

a standard practice. The formula of efficiency is given by

— VoclIscFF

Pin Pin

where 1 is the PCE, Pout is the maximum output power at MPP which is a product of Vo, I,

and FF and Pi, is the power of incident light (1000 W/m? at AM1.5G). Thus the efficiency
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determines the fraction of input power that is converted into electricity. In 1961, William the
Shockley and Hans-Joachim Queisser defined a theoretical limit for maximum efficiency that
can be derived from a single junction solar cell. This limit, also known as Shockley Queisser
limit, indicated that the maximum efficiency of 30% can be obtained from a solar cell made
from an absorber material with a bandgap of 1.1 eV ?*. In their calculations, they considered
the solar spectrum as the radiation coming from a black body with a temperature of 6000 K.
Further improvements in the calculation were carried out by taking into account the solar
spectrum at AM1.5G, which resulted in the value of 33.16% for a semiconductor material of

1.34eV %,

Other characterizations of solar cells include incident photon conversion efficiency (IPCE) or
external quantum efficiency (EQE) measurements, maximum power point tracking (MPPT),
and hysteresis. The IPCE or EQE of a solar cell is the fraction of incident photons that can be
successfully converted into charge carriers. This measurement is carried out at short circuit
conditions and it indicates the device performance as a function of wavelength. During the
measurement, a broad spectrum of light (standard AM1.5 solar emission) is incident on the
device, which is held at a constant voltage and the output current is measured. The conversion
efficiency is calculated by the software by comparing the generated current to an incident
photon flux. From the EQE data, the total Jsc of the device can also be derived by integrating
the EQE over the entire spectrum. The stability of devices can be measured by tracking the
device performance at MPP for a given amount of time. This measurement enables to determine
the steady-state PCE of the solar cell as a function of time. Furthermore, the hysteresis
behaviour of the device can be measured from the forward and backward I-V scans. Hysteresis
is the difference in the I-V curve during backward scan from open-circuit to short circuit

conditions and forward scan from short-circuit to open circuit conditions.

The inherent properties of the powders or thin films of photoactive layer are also studied by
measurements such as X-ray diffraction (XRD), nuclear magnetic resonance (NMR)
spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, photoluminescence (PL)
measurements, time resolved photoluminescence (TRPL) measurements, atomic force
microscopy (AFM), scanning electron microscopy (SEM) and ultraviolet photoelectron
spectroscopy (UPS). The XRD studies reveal the crystalline structure of photoactive materials.
They can also determine whether a sample is pure with only one phase or it contains multiple
phases. The NMR measurements give information about the local structure, chemical

environment, and dynamics of the materials at the molecular level *°. Characterization
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techniques such as UV-Vis spectroscopy and PL spectroscopy enables the investigation of
optical properties of the materials such as light absorption in the solar spectrum and its
emission. Moreover, the changes in PL emission spectra provide information about the
recombination of charge carriers inside the material. The TRPL measurements are performed
to estimate the lifetime of charge carriers before they recombine. Since, the morphology of
films plays an important role in the device performance, it is usually studied by imaging
techniques such as SEM and AFM. In addition to the morphology, AFM measurements also
give the information about the surface roughness of the photoactive films. The UPS studies are
used to probe the electronic structure and band alignment of the materials. X-ray photo electron
spectroscopy (XPS), impedance spectroscopy, Fourier transformed infrared (FTIR)
spectroscopy, X-ray fluorescence (XRF), mass spectroscopy, thermal gravimetric and
differential thermal analysis (TG-DTA) etc. are among other characterization techniques used

for studying photoactive materials.

1.6 Hybrid organic-inorganic metal halide perovskites and
their application to solar cells

1.6.1 Structure and properties of 3D metal halide perovskites

The class of materials called perovskites was first discovered in 1839 by a German scientist
named Gustav Rose during his expedition in Russia and the name perovskite was given in the
honour of Russian mineralogist Lev von Perovski. The mineral discovered in Ural mountain
had the chemical formula of CaTiOs3 and all the materials with the similar crystal structure were
termed as perovskites. There are a large number of compounds that fall into this class of
materials and they exhibit very stable structures with a number of interesting properties and
many practical applications. They are broadly classified into two types: all inorganic metal
halide perovskites and hybrid organic-inorganic halide perovskites. H. L. Wells was the first
to synthesize all inorganic metal halide perovskite in 1892, when he created caesium lead
halides #'. Metal halide perovskites have the general formula ABX3, where A is a monovalent
inorganic cation (e.g. Cs* or Rb") or an organic cation (e.g. methylammonium or MA
(CH3NH3"), formamidinium or FA (CH(NH2):"), guanidinium or Gua (NH>C(=NH)NH:")), B

is a divalent metal cation (e.g. Pb*", Sn?>*, Ge?" ) and X is the halide anion (e.g. CI', Br’, I").
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The perovskite crystals have a cubic structure with cation B and anion X forming a corner
sharing octahedral network of [BX]* and cation A situated between these octahedrons, as seen

in Fig. 1.10.

Fig 1.10: Schematic of crystal structure of perovskite and (left) and arrangement of BXs
octahedra (right) in the crystal lattice.

However, several other perovskite crystal lattices can also be formed apart from the cubic
structure depending upon the types of cations and anions involved. In order to predict the
stability of perovskites structures with chemical formula ABX3, Goldschmidt first proposed

the formula:

T+ Ty

s V2 (r5 + 1%)

Where t is the tolerance factor and ra, rs and rx are ionic radius of molecules A, B and X
respectively *2. Usually, the A-site cation is larger as compared to the B-site cation with rA>1p,
For organic-inorganic halide perovskites, when the value of tolerance factor t lies between
0.8 <t <1, the formation of three-dimensional perovskite structure takes place. The ideal cubic
structure 1s formed when t = 1 (Fig. 1.11 (d)). On the other hand, when there is a mismatch
between the sizes of cations and anions, additional perovskite and non-perovskite structures
are formed. For example, orthorhombic structure is created if the cation A is too small

(0.8<t<0.9) and hexagonal or tetragonal structures result from larger A cations (0.9<t<1) as
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depicted in Fig. 1.11 (b) and (c). The second formula for predicting the structural stability is
called octahedral factor (n) and it is given by

In order to form a stable BX¢ octahedra, the octahedral factor, must lie in the range of 0.44< pn
<0.72 4. Additionally, a perovskite material with a given composition can have different
crystal structures depending on the temperature and synthesis method. Furthermore, B-site
cation can be replaced by either one tetravalent cation or one monovalent and one trivalent
cation resulting into perovskites with general formulas of A>B(IV)Xs and A>;B(I)B(II)Xs
respectively. The composition A>2B(I)B(II1)Xe is called double perovskites and their properties
can be adjusted by the selection of different B(I) and B(III) elements **. The ions that can be
used as B(I) and B(III) include Na*, Ag®, Cu®, K, In*, and TI", and Bi**, Sb**, In**, and rare

earth ions (La**, Y3'etc.), respectively #°.

Fig. 1.11: Formation of different 3D perovskite crystal structures with increasing A-site cation
(adapted from *°).

Hybrid metal halide perovskite materials possess extraordinary chemical and optoelectronic
properties. These outstanding properties include high absorption coefficient, charge mobility,
direct and tuneable band gap, low excitons binding energy and long carrier diffusion
lengths 47*34°  The comparison of various properties relative to the other commonly used
photoactive semiconducting material is presented in Table 1. As compared to other
photovoltaic materials, perovskites have a high absorption coefficient of the order of
10°-10% cm™!. The perovskite materials also have a tuneable band gap, which can be achieved
by adjusting the A-site as well as X-site compositions and ratios >*>1-52%3 Although, perovskites

have a shorter carrier diffusion lengths as compared to the inorganic materials, they exhibit
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higher photoluminescence efficiency >*. All these properties make them a perfect candidate for
the fabrication of high performance solar cells. Currently, 3D metal halide perovskites have
been most commonly used for the fabrication of highly efficient PSCs. However, these 3D
perovskites tend to have poor long term stability, which is a big hindrance in the
commercialization of PSCs. Therefore, in recent years, attention has been shifting towards the
development of 2D perovskites since they offer much higher stability of PSCs. More insights

regarding these materials will be talked about later in Section 1.6.3.

Table 1: Properties of different types of photoactive materials used for fabricating solar cells.

Material Absorption Band gap Exciton diffusion
coefficient (cm™)  (eV) length (nm)

Si 103 1.1 (indirect)  10° —3x10°

Organic materials 10° 1-2.3 1-10

CdTe 3 x10* 1.4 (direct) 103

Perovskite 10°-10° 1.5 — 32 10°-10°

(polycrystalline films) (direct)

1.6.2 Compositional engineering of 3D metal halide perovskite for
high-efficiency solar cells

The most important factor that affects the performance of a solar cell is the quality of absorbing
layer. In the case of PSCs, the properties and characteristics of photoactive perovskite layer is
dominated by its chemical composition. Accordingly, the properties can be altered by tuning

the compositions at A, B and X sites for better performance and stability of devices.

1.6.2.1 Monovalent cations at A-site

In the perovskite composition ABX3, the cation present at A-site plays an important role in
tuning the properties of materials. Depending on the size of A-site cation, which directly affects
the tolerance factor, different crystal structures are formed as shown in Fig. 1.12. The
commonly used monovalent cations such as Cs, MA (methylammonium) and FA
(formamidinium) form the 3D perovskite structures and large cations like GA (guanidinium),

EA (ethylammonium), AA (acetamidinium) etc. form the non-perovskite phases >°. However,
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when a commonly used cation is mixed with a large cation, 2D perovskite structures are
formed. Accordingly, these materials exhibit different properties. By substituting different
monovalent cations at position A, not only the overall stability of solar cells can be improved
but also the photovoltaic performance can be boosted *®. In addition to the single cations, hybrid
mixed cation 3D perovskites have also been synthesized and they have proved to be more
effective in the solar cells. The following section will discuss more about different perovskite

systems with single and multiple A-site cations.

Fig. 1.12: Commonly explored A-site cations and formation of different perovskite structures
according to the size of cations (adapted from ).

1.6.2.1.1 Single cation perovskite systems

The most frequently used monovalent cation for the A-site is MA, which produces the
methylammonium lead iodide (MAPbI3) perovskite composition. With these perovskite
systems, PCEs over 20% have already been achieved for solar cells. However, MA-based
perovskites exhibit poor stability under moisture, light, and oxygen 7. Another cation, FA,
which is more robust than MA and can also be substituted as the A-site cation in the perovskite
lattice and it produces formamidinium lead iodide (FAPbI3) composition. Generally, the band
alignment of perovskites is influenced by the lead and halide ions present in the lattice, where

valence band maximum is determined by the antibonding Pb-6s and I-5p and the conduction
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band minimum is dependent on the bonding orbitals of Pb-6p >%. The A cation either expands
or contracts the crystal lattice or tilts the Pbls octahedrons . When MA is replaced by FA
cations, it results in the expansion of lattice due to the larger size of FA cation. This expansion
further leads to the formation of better symmetry crystals from tetragonal structure for MAPbI3
to the cubic structure for FAPbI; *°. As a result, the FAPbI; perovskites with higher symmetry
have lower band gap of 1.45 eV as compared to 1.52 eV for MAPDbI3, which is beneficial for
better performing devices ¥. In spite of the advantage, at room temperature 8-phase of FAPbI;
exists, which is not photoactive and the photoactive a-phase of FAPbI; is thermodynamically

stable only at high temperatures above 150 °C 33:60:61

. The inorganic cation Cs has also been
used to synthesize CsPbX3, which showed good light and thermal stability 2. Nevertheless,
due to the conversion of these compounds into the non-perovskite orthorhombic forms at room
temperature and a higher band gap, they have not been able to achieve high efficiencies in the
solar cells . Although single cation perovskites have a strong potential in solar cells, there is
still a large room for improvement of crystallinity, morphology of films as well as the stability

of materials. Therefore, cation mixing strategies have been adopted for fabricating highly

efficient and stable devices.

1.6.2.1.2 Mixed cation perovskite systems

The degradation of MAPDI; in the ambient condition as well as instability of photoactive phase
of FAPbI; and CsPbX3 at room temperature has prompted reasearchers to look for strategies to
improve the stabilility of perovskite materials. One of the approaches for achieving this is the
mixing of A-site cations, which results into multi cation perovskite systems. In this way, double
cation, triple cation and quadrupole cation metal halide perovskites can be synthesized. By
taking suitable cations like MA, FA, Cs, K and Rb in appropriate stoichimetric ratios, highly
efficient mixed cation perovskite compositions have been reported by researchers 27646,
However, among these, double cation perovskites have an advantage of being easier to process
and engineer due to less number of cations involved. The perovskites with triple and

quadrupole cations are harder to engineer owing to their complex compositions. In case of

double cation systems MA/FA, Cs/FA and Cs/MA mixtures have been explored 6-67:686%,

50

http://rcin.org.pl



1.6.2.1.2.1 Double cation perovskites based on FA and Cs

As discussed previously, FAPbI; perovskite has a lower band gap and enhanced thermal
stability in comparison to the most commonly used perovskite, MAPbI; 7%"1.7273 Nevertheless,
the photoactive a-phase of FAPbI; is thermodynamically stable at high temperatures above 150
°C 336061 ‘Substituting some of the large FA cations by smaller cations at A site optimizes the
Goldschmidt tolerance factor and the phase transition to non-photoactive state can be inhibited
leading to the improvement of device parameters as well as the stability. In order to stabilize
the a-phase of FAPbI, initially MA cation was introduced into the crystal structure 747576.77,
However, due to volatile nature of MA, this mixed cation system of MAxFA|xPbl; was
thermally unstable 8. Therefore, research focus was shifted to inorganic cation Cs with a
smaller ionic radius (1.81 A) as compared to MA (2.70A) and FA (2.79A) 7. The
incorporation of Cs cation into FAPbI; resulting into the composition CsxFA.xPbls proved to
be beneficial for the stability of devices under humidity and thermal stress 3°31%2 A PCE of
16.5% was achieved with Cso1FAooPbls-based PSC ¢’. Replacing 10% of FA by Cs lead to the
enhancement of photo and moisture stability due to the modification of cubo-octahedral
volume inside the lattice and increased interaction between FA and iodide. Later, Y1 et al
proved that 20% of Cs addition supports the a-phase crystallization of FAPbIz forming
Cso2FAosPbls, which was structurally stable and yielded a PCE of 15.69% . An improved
solution processing approach was developed by Zhou et al. where they achieved a PCE of
18.6%. They used a mixture of FAI and FACI while the sequential deposition step, which
allowed the formation of large sized perovskite grains and enhanced the charge transport and
collection 84, In spite of having excellent stability of the mixed cation perovskite system
based on Cs and FA, the PCE of solar cells fabricated from these perovskites did not reach
PCEs over 20%. Therefore, efforts are needed to develop synthetic methods and device
engineering for fabricating high performance CsxFA1xPbls-based PSCs.

1.6.2.2 Divalent cations at B-site

Perovskite materials with Pb?" as the B-site cation have been most comprehensively explored
and they have exhibited the best properties so far. Due to this reason, the commonly studied
perovskite materials for solar cells applications are based on Pb*". Lead, which is a group IVA

element, has the ionic radii of 119 pm. Nevertheless, lead is a toxic element, which is hazardous
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to humans and environment. Therefore, other divalent cations such as Sn>* and Ge*" have also
been used (discussed in Section 1.9.1). However, due to the easy oxidation of Sn>" to Sn*" and
low chemical stability of Ge**, they have limited applications in high-efficiency solar cells.
During the research carried out included in this thesis only materials based on lead have been

used.

1.6.2.3 Monovalent anions at X-site

For the X-site anion in ABX3 composition, halides from group VIIA such as, CI, Br and [ have
been used. The size of halide anions increases as we go down the group, enabling perovskites
to absorb light of higher wavelengths. Therefore, I has been most extensively used in the
perovskite compositions. Moreover, mixtures of these halide ions have also been investigated
for tuning the band gap and increasing the stability of materials. For example, theoretical and
experimental studies of MAPbX3-based perovskites have revealed a shift in the bandgap from
about 2.25 eV for MAPbBr3 to about 1.55 eV for MAPbI; . The mixed iodide bromide
composition in MAPbX3 also produces devices with higher moisture stability as compared to
pure MAPbI; *°. The work included in this thesis is only focused on materials with I as the

halide anion.

1.6.3 Structure and properties of 2D metal halide perovskites

Hybrid organic-inorganic halide perovskites also exist in the form of two-dimensional (2D)
structures and this is a new emerging group of materials prospective for photovoltaic
applications. The most common 2D perovskite is called Ruddlesden-Popper (RP) perovskite,
which has a 2D layered structure. The general formula for layered RP perovskites is
A’2A”n-1BuXsn+1, where A’ is a large organic cation (aromatic or aliphatic alkyl ammonium
cation), A” is a monovalent cation (Cs*, CH3NH3", or CH(NH2),"), B is the divalent metal
cation (Pb*", Sn**, Ge?") and X is the halide anion (CI°, Br or I'). In this composition, A’ acts
as the spacer cation between the octahedral inorganic layers of BX¢ due to its bulky nature and
confines the perovskite in two dimensions *. The integer n denotes the number of inorganic
layers separated by the A’ cation and 3D structures are formed when n is very large (n=o0).

The value of n can be tuned by adjusting the stoichiometric ratios between A’ and A’’ during
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the synthesis. Arrangement of atoms in the 2D RP perovskite structures forn =1, 2, and 3 is

shown in the Fig 1.13.

The 2D layers of perovskites can be visualized as slicing of 3D perovskite materials along
different crystallographic planes such as <100>, <110> and <111>. These layers can hold

87.88

bigger and complex organic molecules between them . Owing to their reduced

dimensionality in 2D, these perovskites also exhibit higher band gap values as compared to

Fig. 1.13: Illustration of 2D Ruddlesden-Popper layered perovskites forn=1, 2 & 3.

their 3D counterparts *°. 2D perovskites have large optical band gap (>2.2 V) and poor charge
transporting properties due to the presence of organic bulky groups. The presence of
hydrophobic and Columbic forces between the stacked layers helps in maintaining the
structural integrity in the 2D system. Moreover, the strong hydrogen bonds between the
inorganic and organic layer makes them more structurally stable. The layered 2D perovskites
have an advantage of being more resistant towards degradation from humidity and light as
compared to their 3D analogues. The hydrophobic long chain or aromatic carbon present in the

spacer cations blocks the absorption of moisture and makes the 2D compound more stable *°.
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These large cations also help in suppressing the migration of ions in-plane and out-plane in the
layered structures. The research on 2D layered perovskites is still in the embryonic state and
they have been employed in PSCs. The most commonly explored spacer cations in the 2D
metal halide perovskites are n-butylammonium (CsNH;;") and 2-phenylethylammonium
(C1sNgH36") and they increase the stability of PSCs °92%, Other cations such as
monoammonium linear cations (ethylammonium, propylanmmonium, pentylammonium,
octylammonium  etc.), cyclic ~monoammonium cations (cyclopropylammonium,
cyclobutylammonium, cyclopetylammonium etc.), aromatic monoammonium cations
(benzylammonium, 2-naphthylethylammonium etc.) and inorganic cations (guanidinium, Cs")
have also been utilized for the synthesis of 2D perovskites *>**. To get the benefits of excellent
stability as well as reduce the effect of large band gap and limited charge transport, 2D

perovskites are utilized in the form of mixed 3D/2D perovskites as the photoactive layer in
PS(Cs 95.9697.9899

B

100 For example, in a recent work, we showed that the mixture of 2D
perovskites based on spacer cations 2-phenylethylammonium (PEA") and 2-
(perfluorophenyl)ethylammonium (FEA™), when deposited on top of 3D perovskite layer,
improved the device PCE up to 21% !°!. Besides the success in achieving improved efficiency
and stability of PSCs based on 2D perovskites, these materials have mostly been synthesized
by the solution processing and vapour deposition techniques *>**. These synthesis techniques
have several drawbacks, which will be discussed in detail in Section 1.8. As a result, there is a
constant need for the development of novel and efficient ways for producing these perovskite

materials.

1.7 Electron transporting layers in perovskite solar cells

In the solar cell device configuration, the ETL is in contact with the perovskite layer and plays
a crucial role in the performance of devices. After the photoexcitation, the generated electrons
travel through the ETL and then transported to the electrode. The effective separation of photo
generated charge carriers and their transfer to the respective transport layers before
recombination is extremely important. As discussed previously in Section 1.5. the n-type
semiconducting metal oxides such as TiO», SnO;, and ZnO have been widely studied as

promising ETLs in the solar cells **'%2. A good ETL should have the following properties '
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1) The conduction band and valence band should be well aligned with the perovskite layer
for the fast extraction and transport of electrons.

2) In order to reduce the charge accumulation and recombination at the interface, the
electron mobility inside the ETL should be high.

3) The transmittance as well as UV light tolerance should be sufficient enough for the
photo generation in the perovskite layer.

4) The ETL should be resistant to the moisture to ensure the stability of devices.

5) There should be a good contact between ETL and perovskite layer for facilitating the

crystallization of perovskites and reduce the traps at the interface.

At present, TiO2 has been the most extensively studied electron transporting material for
superior photovoltaic cells with PCE reaching over 20% '*4!%°, Due to the favourable alignment
of conduction band with the perovskites, wide band gap (~ 3.1 eV), and long carrier lifetime,
they make a suitable material for fabricating high performance solar cells °. Nevertheless,
TiO, has some shortcomings such as low mobility of electrons (0.1-4 cm? V! s71), instability
under ultraviolet light, associated non-radiative recombination and high sintering temperatures
for forming layers 1971919 S0, is another widely explored material for the electron selective
layer. It shows improved optoelectronic properties, better band alignment to the absorber
perovskite layer and overall stability as compared to the TiO2 !, It also has a high optical
transparency which makes it suitable for highly efficient photovoltaic cells '!'!. Unfortunately,
the presence of dangling Sn bonds on the surface makes it susceptible to react with moisture
and oxygen leading to the degradation ''2!13, Additionally, electrons can also be trapped in
these loose bond locations and further result into non-radiative recombination. Other n-type
oxides explored for ETL includes ZnO, Zn>SO4, WO3, In2Os3, SrTiO3, Nb2Os, and
BaSnQ; !LHAHSHEHTIE “Among these ZnO has shown a promising potential which is

discussed in the next section.

1.7.1 ZnO as the electron transporting layer

Zn0O, which is an n-type semiconductor, has attracted a lot of attention for being investigated
as ETL in PSCs owing to its excellent optoelectronic properties. As compared to TiO2, ZnO
possesses a wider band gap of ~3.3 eV, a higher mobility of electron (200-300 cm? V! s71)

and excellent transmittance in the visible region %120, Additionally, it is easily processable
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and can be prepared at low temperatures making the production low cost relative to TiO» and
suitable for flexible substrates. Although, ZnO is a promising alternative to polycrystalline
TiO,, it has certain disadvantages related to the defect density and chemical instability of
ZnO/perovskite interfaces. Moreover, due to the presence of UV light and the annealing of
perovskite layer, the hydroxyl groups present on the surface of ZnO react with perovskites and
produce lead iodide. This induced degradation reduces the overall device efficiency and

stability '2!122, The mechanism of degradation is depicted in Fig. 1.14.

Fig. 1.14: Schematic representation of the degradation mechanism of perovskite deposited on
top ZnO layer. (adapted from %)

Several nanostructures of ZnO such as nanoparticle, nanorods, nanotubes and quantum dots
(QDs) have been explored for the application in PSCs 24125 In case of QDs, the injection of
electrons is increased by the production of multiple excitons while absorbing UV light [18].
Additionally, the deposition of QDs results into more compact films compared to bulk ZnO
and hence allows the formation of unconstrained perovskite crystals on top 126127 Nevertheless,
the intrinsic defects present on the surface of these nanostructures make way for charge
recombination and account for low performing cells '*!%, During the process of thermal
annealing, perovskite crystals, which are in direct contact with ZnO, tend to degrade due to the
presence of hydroxide on the surface of ZnO '*°. Therefore, efforts are needed to improve the
surface of ZnO as well as ZnO/perovskite interface for better charge transport and device
efficiencies. One approach followed by researchers is the passivation of ZnO layer with
different molecules. Passivation reduces the chemical activity as well as improves the

interfacial contact between perovskite and ZnO layer. Cao et al. demonstrated the passivation
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by a thin layer of MgO and protonated ethanolamine (EA), promoting the fabrication of high-

efficiency, hysteresis free, and stable PSCs !*!

. Introduction of MgO inhibits charge
recombination at the interface of ZnO/perovskite and EA enhances the charge transport leading
to a high-efficiency of 21.1%. Other surface passivation have been carried out by depositing

133 alkali metals '**, self-assembled

thin layers of inorganic materials like Nb2Os 132, ALO;
monolayer of methoxybenzoic acid '*°, organic materials like graphene '*°, fullerenes 37 and
PCBM !*. While inorganic layers assist in improving the chemical stability, the organic
passivation layers inhibits the direct proton transfer and hence improving the efficiency.
Another strategy for improving the PCE of ZnO-based solar cells is the surface modification
Zn0O. More recently, Wang and co-workers developed ZnO complexed with ethylene diamine
tetraacetic acid, improving the electron mobility and band alignment with the perovskite
layer '*°. Using this modified ZnO, they were able to fabricate solar cell with high-efficiency
of 20.39% and the best device retained 95% of its efficiency after an exposure to ambient

atmosphere for 3604 h. In spite of the progress in using ZnO for PSCs, very high efficiencies

have not been achieved and there is a lot of scope for improvement.

1.8 Synthetic methods for the preparation of metal halide
perovskites and respective films fabrication

The most important factor that affects the performance of a PSC is the quality of perovskite
film. High efficiencies can be achieved when these films are smooth, uniform, crystalline, and
phase pure. Fortunately, development of several fabrication methods has made a pathway for
modifying these parameters. Largely, these methods can be divided into two categories: wet
chemical processing and solid state processing. These methods provide opportunity for tuning
the morphology and the uniformity of perovskite films by altering growth and overall

crystallinity. These techniques will be discussed in more detail in the following sections.

1.8.1 Wet chemical synthesis

Wet chemical synthesis is the most commonly followed approach for the preparation of
perovskite materials. In this synthesis procedure, generally, the precursors are dissolved in a

solvent and then deposited on the substrate by spin-coating or dip coating to form the final
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films. Among various solution processed techniques, one-step deposition was the very first
method used for the deposition of perovskite layer in the solar cells. This method has the
advantage of being facile and inexpensive among all the other perovskite fabrication methods.
In this processing technique, all the organic and inorganic precursors are dissolved in a
common aprotic polar solvents like dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
n-methyl-2-pyrrolidone  (NMP), y-butyrolactone (GBL), or n,n-dimethylacetamide
(DMAC) 401411492 Eyrther, the precursor solution is deposited on top of the ETL by spin-
coating and subsequent annealing leads to the formation of perovskite film (Fig. 1.15 (a)). The
high boiling point and low vapour pressure of the solvents allow the perovskite solution to
become supersaturated and promote the crystallization. Subsequent annealing of this film leads
to the removal of extra solvents and assist in the enlargement of crystal grains '43. Although,
one-step method is comparatively easy due to lesser number of steps involved, it produces
rough and non-uniform films having pinholes. The slow formation of perovskite crystals and
incomplete coverage of underlying TiO2 layer have the effect of high charge recombination at

the interface 44,

Fig. 1.15: Schematic diagram of (a) one-step and (b) two-step deposition of perovskite
solutions (adapted from '#%).
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Another procedure, which included two steps, was developed to overcome the poor film quality
produced by one-step deposition method. As shown in Fig. 1.15 (b), first step involves
deposition of metal halide precursor film and the second step is the introduction of organic
halide precursor on top. Additionally, the second step can be carried out either by spin-coating
or dipping the metal halide film into organic precursor solution or annealing the metal halide
film in the vapours of organic precursors. During the dipping process, ammonium halide
infuses into the crystallized metal halide lattice at the grain boundaries. When the film is dipped
for a longer time, large perovskite grains are formed by Ostwald ripening 46, However, during
the spin-coating, there is an immediate interaction between the organic solution and metal
halide film, resulting into the change of film colour '*’. Further annealing allows the

crystallization and growth of perovskite grains.

A modification to the one-step deposition approach for improving the film morphology was
achieved by using an anti-solvent while depositing the perovskite solution and it is called anti-
solvent assisted deposition. This is a well-established and highly efficient method for the
fabrication of perovskite films, where solvent engineering is applied to the one-step deposition.
An anti-solvent is dropped on top of the perovskite films just few seconds before finishing the
spin-coating process. This leads to the oversaturation of perovskite solution and further
promotes the crystallization process %, In order to initiate the crystallization and nucleation,
the anti-solvent should be added before the formation of the crystalline intermediate '*.
Solvents such as chlorobenzene, dichlorobenzene, toluene, trifluorotoluene have been

60,150,151 " This anti-solvent

investigated for the formation of high quality perovskite films
assisted deposition method has been used for fabricating perovskite films for solar cells during

the research work included in this thesis.

Despite being the most commonly used method for perovskites synthesis, wet methods have
certain disadvantages. The drawbacks of utilizing the wet method are use of toxic solvents,
solubility of precursors in the solvents, changes in composition stoichiometry of perovskite
after long storage time of precursor solution and more energy consumption for the solvothermal
conditions '5*!53154 Therefore, the demand for processes involving less toxic solvents as well

as solid state processes is increasing.
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1.8.2 Solid-phase synthesis

In order to overcome the shortcomings of solution processing methods, several solid state
techniques have been developed for producing metal halide perovskite films. This type of
synthesis process does not include use of any liquids as suggested by the name. First solid state
synthesis of metal halide perovskite was done by vapour deposition of precursors ’!. The
precursors MAI and PbCl, were heated at very high temperatures inside a vacuum chamber to
convert them into their vapour form and subsequently deposited on the compact TiO> coated
substrate (Fig. 1.16). In this case, two different sources for evaporating organic and inorganic
precursors were used. It was found that films coated in this way were highly homogeneous as
compared to the films made by solution processing and they were able to achieve a PCE of
15.4 %. The deposition of evaporated precursors onto the substrate can be carried out by either
co-evaporating the precursors simultaneously or sequentially in two steps. Now, mixed halide
inorganic perovskites as well as mixed halide and mixed cation perovskites is being deposited
by the evaporation techniques and high PCEs (>21 %) of solar cells have been achieved '>°.
Large-area PSC devices are also produced by these methods '°°. Nevertheless, these processes

involve expensive instruments and high temperature processing, increasing the overall cost of

Fig. 1.16: Co-evaporation of perovskite precursors inside a vacuum chamber for producing
perovskite films (adapted from ')
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PSCs. Controlling the evaporation rate of precursors during the vacuum deposition is also a
problem that researchers are trying to solve. Recently, another solid state technique, also known
as mechanosynthesis, has emerged as a promising low cost and greener alternative for the
fabrication of perovskite materials 7"'>1% The scope of this process and its application to

perovskites synthesis is discussed in the next sub-section.

1.8.2.1 Mechanochemical synthesis

160

Mechanochemistry is a powerful synthetic approach for the synthesis of organic and

161

inorganic compounds '*', and various functional materials including metal organic frameworks

162 and energy storage materials '3

. In recent years, the mechanosynthesis has emerged as a
promising greener alternative for the fabrication of perovskite materials as well '>°. This solid
state technique, where the starting reagents react in the dry environment, has several advantages
over the traditional wet chemical method. The method is very simple, environment friendly,
energy efficient, and produces compounds with high purity, which effectively increases the
efficiency of devices. Since, there are no solvents involved, the choice of reactants used is not
restricted by the solubility. The mechanochemical processes are scalable to produce large
amount of products and reduce the synthesis time. A large yield of pure products can be
obtained with excellent batch to batch reproducibility. Moreover, a higher degree of
stoichiometric control and phase purity can be achieved with the thin films made from
mechanochemistry. Additionally, the perovskite powders prepared from this method are more
stable as compared to the perovskite solutions. The devices made from these films also have

better reproducibility and stability. The working principle of this technique will be discussed
in Chapter 2.

The use of mechanochemical method for the synthesis of halide perovskites and their
applications for PSCs was first pioneered by the Lewinski and Grétzel in 2015, when a highly
phase pure MAPbI3 polycrystalline powder was prepared and then applied for the device
fabrication (Fig. 1.17) '37. The authors showed that the devices based on mechanochemically
synthesized perovskites exhibited superior performance as compared to the conventional
devices made from the solution-processed method. Subsequently, the Lewinski and Grétzel
groups systematically screened the compositions and synthesized stable materials of mixed

cation perovskites (MA)x(FA); «xPbl; and (Gua)x(MA);xPbl; 71 In a following work, they
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also showed that the incorporation of Cs™ into the perovskite was possible through the
mechanochemical grinding of precursors, which was not feasible earlier through the solution
processing methods due to the insolubility of CsCl in the common solvents for perovskites 5.
By this approach, they used CsCl as a new source of precursor for incorporating Cs" into the
triple cation system and achieved a high PCE of 19.12% was for triple cation
Csx(MAo.17F Ao.83)100-x)Pb(l0.83Bro.17)3 perovskite based solar cells. Following these pioneering
work, several other groups also reported the synthesis of perovskites with mixed compositions
by grinding the appropriate amount of precursors in solid form. Compositions with mono-
cation mixed halide of FAPb(ClxBrix);, FAPb(Brxlix)3, and MAPb(Brxlix); have been
mechanochemically synthesized by gradually changing the halide precursor ratios, which
resulted into materials with better phase purity as compared to the solution processed
perovskites 195160167 The mechanochemical grinding of precursors has also enabled the
synthesis of all inorganic CsPbX3 perovskites in the form of bulk materials as well as quantum
dots 168169170171 "Qwing to the poor solubility of Caesium halides in commonly used solvents,

the conventional synthesis of CsPbX3 from solution processing methods is challenging. The

Making the efficiency simpler

Fig. 1.17: Mechanochemical synthesis of methylammonium lead iodide. (adapted from '°7)

mechanochemistry provides an alternative way for synthesizing these materials in a simple,
fast and more efficient manner. In a report, Bolink et al. showed the fabrication of thin films
by single-source vacuum deposition of mechanochemically produced inorganic CsPbX; !,
They found that high quality perovskite films were formed by the evaporation of grinded

powders without any pre-annealing of the precursors, which was not possible in the case of
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standard dual source evaporation of pristine precursors. The mechanochemistry has also been
utilized for the synthesis of lead free perovskites and double perovskites. Recently, the
Lewinski group reported the phase pure Sn-based mixed halides perovskites produced by
mechanochemical grinding '7?>. They successfully synthesized perovskites with the general
formula of ASnX3 and used different A-site cations and halide anions. In another work, the dry
mechanosynthesis of Sn-, Ge-, and Zn-substituted powders of lead free double perovskite,
Cs2AgBiBrs, was reported 7>, Thin films of Sn-based double perovskites was also deposited
by single-source vacuum deposition. Furthermore, the mechanochemically synthesized
perovskite powders have a major advantage of being investigated by the solid state NMR for
probing the atomic level structures. The solid state NMR is a powerful characterization
technique for studying the structural dynamics at atomic level. This solid state characterization
method also avoids the solvent impurities as compared to the conventional liquid state NMR
measurements. The perovskite powders produced by mechanochemical grinding have been
recently utilized for studying the structure of perovskites, halide mixing, phase segregation,
local properties and dynamics by the solid state NMR *°. Besides, the accomplishment achieved
in the mechanosynthesis of 3D perovskites, the synthesis of pure phase 2D hybrid halide

perovskites following mechanochemistry, has remained a challenge so far '*°.

1.9 Challenges towards commercialization of perovskite
solar cells

As discussed in previous sections, the efficiencies of lab-scale PSCs are reaching the theoretical
limit. The current focus of perovskite research is slowly shifting towards bringing perovskite
PV technology into market for practical purposes. However, several challenges still remain as
a barrier before the successful commercialization of this technology. The challenges and efforts

to overcome them are briefly summarized in the sub-sections.

1.9.1 Pb toxicity issue

One of the problems in PSCs is the use of lead, which is a toxic element and presents health
hazards to humans. In order to address the toxicity issue of Pb, the efforts are directed towards

producing Pb-free perovskite compositions. For replacing the Pb atom at the B-site in the
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perovskite structure, other non-toxic divalent metals such as Sn, Ge and Bi have been used 233,
Among these, Sn-based PSCs have shown best efficiency up to ~13 %, however, their
efficiencies still lag far behind the best Pb-based PSCs 74!, Additionally, Sn-based PSCs
have major stability issues due to easy oxidation of Sn*" to Sn*". Therefore, other transition
metals like Cu, Fe, Zn, Sb and Mn are also being explored as the B-site cations **. Nevertheless,
due to their cation radii, they can only form 2D layered structures with the formula A>BXe.

Other lead free composition include double perovskites and 0D perovskite derivatives 334

1.9.2 Long term stability

The other major issue related to the hybrid organic-inorganic perovskite materials is their
instability in the ambient conditions. As mentioned previously, the instability of perovskite
materials in the presence of moisture, O, UV-light, heat as well as chemical instability is well
recognized 85, Therefore, a lot of efforts are directed in the direction of stabilizing the
materials for producing PSCs with longer life. The photoactive perovskite layer tend to degrade
very quickly in the presence of the abovementioned components and lead to poor PSC
performances. The perovskites with organic A-site cations have major operational stability
issues due to their high volatility and light induced phase segregation. Therefore, in order for
this technology to be commercialized, the issue of long term stability needs to be fixed.
Compositional engineering is one of the ways that has been used extensively for increasing the
phase stability of different perovskites as explained previously. Moreover, researchers have
started investigating the all inorganic perovskite compositions due to their superior stability
(discussed in Section 1.4.1). The defects present at various locations in a PSC also play a
critical role in their low stability. Therefore, passivation by different types of additives for
stabilizing the hybrid perovskites have been implemented. Bulk passivation of perovskites has
been done by addition of alkali metals such as Li, Na, K, Cs and Rb '7°. It has been shown that
due to the ionic radii of alkali metals, incorporating them at A-site leads to the formation of
more stable perovskite structures with better tolerance factors !7”:!7®, Addition of halide anion
like CI" into the perovskite composition has also displayed the passivation of grain boundaries
and surfaces. Other additives used for the surface and grain boundary passivation for perovskite
layer includes Pbl,, wide band gap materials, alkylammonium halogen, Lewis acids and bases,
and hydrophobic materials *°. To increase the stability of devices, 2D perovskites have also

been used in the form of bulk passivator or surface passivator of 3D perovskite layer as
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discussed in previous Section 1.6.3. The resulting quasi 2D materials and 2D-3D
heterostructures have shown more resistance towards degradation from humidity, heat and light
179 Additionally, passivation of perovskite/HTL and perovskite/ETL has also been carried out
to increase the overall stability of PSCs '8, These interfacial passivation strategies account for

better charge transport, band alignment and lower defects.

1.9.3 Fabrication of large-area devices

To shift from lab scale synthesis to industry scale manufacturing of metal halide perovskites
based solar cells, scalability of synthesis methods for large-area processing is also a necessary
requirement. Several techniques such as doctor blade coating, spray pyrolysis, slot die coating,
inkjet printing and vapour based techniques have been developed for the fabrication of large-
area devices 81182, A lot of research is going on in the direction of producing large-area solar
cells for industrial purposes 81182183184 PCE ag high as 17.9 % for an active area of 804 cm?

has already been achieved for the PSC %,

1.10 Objective and outline of this thesis

The rapid progress shown in the research of perovskite materials and their application to solar
cells solar cells in the past decade are unprecedented and it has led to the achievement of very
high PCEs comparable to the existing Si-based photovoltaics. As a result of simple and low
cost processing, perovskite technology has an immense potetial to be commercialized. Due to
the chemical composition of perovskites, there is a large possibility for tuning the properties of
these materials. A lot of efforts have already been made for the improvement of either material
properties or the quality of deposited films or other layers of the solar cells in order to get
highly efficient and stable devices. However, there is still a continous need to produce stable
perovskite materials via synthetic methods which are environment friendly. It is also required
to develop more efficient methods for obtaining perovskite films with superior qualities and
can exhibit high efficiencies of solar cells. Additionally, improvements are also desired in the

charge selective layers of devices for better electronic properties.
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In this thesis three main 1ssues have been addressed

1) Material development of 2D layered perovskites by using an environmental friendly
method.

2) Synthesis of single and double cation single crystals and understanding their inherent
properties.

3) Development of 3D perovskite films with double A-site cations and their passivation
for high-efficiency mesoscopic PSCs.

4) Modifications in ETL and ETL/perovskite interface for high-efficiency planar PSCs.

In order to achieve the aforementioned goals, several approaches have been followed. Chapter
3 focuses on the synthesis and characterization of various perovskite materials including 2D
perovskites and single crystals. The 2D layered perovskites with different spacer cations were
synthesized by following the highly efficient and solvent-free mechanochemical approach.
Single crystals of single and double cation perovskites were synthesized by the inverse
temperature crystallization procedure. Chapter 4 focuses on the fabrication of high-efficiency
mesoporous solar cells. By modifying the solution processing approach, high quality films of
3D metal halide perovskite with mixed Cs and Formamidinium was deposited, improving the
efficiency of PSCs significantly. Further the perovskite layer was also passivated in order to
reduce the surface defects. Chapter 5 discusses the incorporation of a novel ZnO QD as the
ETL in the planar PSC architecture and improvement of ZnO/perovskite interface for
increasing device performance. After the addition of different ammonium halides as the
passivation agents at the interface of ZnO and perovskite layer, the solar cells exhibited very

high-efficiency.
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Chapter 2: Experimental methods and
characterization techniques

2.1 Experimental techniques and procedures

2.1.1 Mechanochemical synthesis of hybrid inorganic-organic
metal halide perovskites

As discussed in Chapter 1, mechanochemistry is a well-established synthetic procedure that
has been used for the synthesis of a variety of organic and inorganic materials '60-161:162.163 '[p
this solid-state processing technique, mechanical forces are utilized for carrying out the
chemical reactions. In order to get the products, the precursors are taken in the solid form and
they are grinded or ball milled inside a jar with the grinding balls. The grinding jars are usually

made up of materials such as agate, teflon, zirconia, chrome steel etc. and the grinding balls

are made from agate, hardened steel, zirconia, chrome steel, alumina, stainless steel etc. There

Figure 2.1: Schematic illustration of mechanochemical grinding inside a shaker mill (a)
Horizontal motion of agate jar containing the precursors and agate balls and (b) Final product
after the mechanochemical grinding.
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are several types of ball mills used for the mechanochemical procedure. For the research work
included in this thesis, vibration mill or shaker mill was used for carrying out the reactions.
The schematic of this technique is shown in Fig. 2.1, depicting the horizontal motion of the jar
containing precursors and milling balls. Here, the mechanical force is exerted on the reactants
in the form of high speed vibrations. The horizontally placed jar vibrates back and forth and
due to collisions between the balls and wall of the jar, friction is created. This frictional force

allows the precursors to react with each other and form the final product.
Instrument

Mechanosynthesis of compounds was carried out in a Retsch MM - 400 mixer mill. The
reactions were performed in agate jar of 10 mL volume and an agate ball of 10 mm diameter
was added to assist the grinding. The resulting perovskite materials were later characterized by

vast array of techniques.
Materials

All precursors were obtained from commercial sources and used without any further
purification. BAI (n-butylammonium iodide), PEAI (2-phenylethylammonium iodide) were
purchased from Sigma Aldrich. Pbl; and MAI (methylammonium iodide) were purchased from
TCIL.  2H-pyrimido[1,2-a]pyrimidine-1,3,4,6,7,8-hexahydro-hydroiodide ~ (c-Gual)  was

synthesized in house.

Mechanosynthesis of BA:2MA,—1Pbul3n+1 series

For the 2D perovskite materials with n=1, the precursors BAI and Pbl> were carefully weighed
in the molar ratio of 2:1 and grinded together at an optimized frequency of 30 Hz for 30 min in
the shaker mill. After the grinding was finished, a homogenous powder of BA;Pbls was
obtained as shown in Fig. 2.2 (left image). Similarly, the precursors BAI, MAI and Pbl, were
taken in stoichiometric ratios of 2:1:2 and 2:2:3 for materials with n=2 & 3 respectively. After
grinding for 30 min at 30 Hz, the polycrystalline powders of BA2MAPb:I7 (Fig. 2.2, middle
image) and BA:MA,Pbslio (Fig. 2.2, right image) were obtained. Furthermore, for getting
better crystallinity, the powders were further annealed at 80 °C for 3-4 h in the oven. The

powder for n=3 was kept inside the glove box for a week for aging.
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Figure 2.2: Photographic images of obtained polycrystalline powders of BA2MAn-1Pbal3n+1
series.

Mechanosynthesis of PEA;MAn-1Pbul3u+1 series

For the 2D perovskite materials with n=1, the precursors PEAI and Pbl, were carefully weighed
in the molar ratio of 2:1 and grinded together at an optimized frequency of 30 Hz for 30 min in
the shaker mill. Similarly, the stoichiometric ratios of the precursors PEAI, MAI and Pbl»
(2:1:2 and 2:2:3 for materials with n=2 & 3 respectively) were taken in separate containers and
grinded for 30 min at 30 Hz. The images of obtained polycrystalline powders for BA;Pbly,
PEA>MAPDb:17 and PEA2MAPbsl o are shown in Fig 2.3. For getting better crystallinity of the
products, the grinding time was increased to 60 min and 75 min. Furthermore, these powders

were further annealed at 80 °C for 3-4 h in the oven and aged for few days in the glove box.

Figure 2.3: Photographic images of obtained polycrystalline powders of PEA;MA,-1Pbnlzn+1
series.
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Mechanosynthesis of (c-Gua)2MAn-1Pbnl3n+1 series

The precursors c-Gual, MAI and Pbl, were precisely measured in the molar ratio of 2:0:1 (for
n=1), 2:1:2 ( for n=2) and 2:2:3 (for n=3) in separate agate jars. The grinding was performed
in the at 30 Hz for 30, 60 and 75 min for each material. Further, the obtained powders were

annealed at 80° C for 60 min up to 3-4 h in the oven.

2.1.2 Inverse temperature crystallization method for the synthesis
of perovskite single crystals

The inverse temperature crystallization (ITC) is an efficient procedure which is very fast as
compared to other crystallization methods. In this technique, the precursors are dissolved in an
appropriate solvent and heated at high temperatures. The solvent is chosen in such a way that
the solubility of compound is high up to certain temperatures and it decreases with increasing
temperature. Due to this property of inverse solubility, after heating at high temperatures, the
precursor solution becomes saturated and small seed crystals are formed. In the next step, this
solution is heated at lower temperatures, allowing the seed crystals to grow bigger. The

schematic representation of this process is shown in Fig. 2.4 .

Fig. 2.4: Schematic of formation of crystals in the ITC method.

Materials

All precursors were obtained from commercial sources and used without any further
purification. Pbl,, MAI (methylammonium iodide), Gual (guanidinium iodide) and vy-
butyrolactone (GBL) were purchased from TCI.
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Synthesis of MAPbI; single crystals

The single crystals of MAPbI3 were grown by using a 1.0 M MAPDbI3 solution in GBL. The
solution was prepared by dissolving equimolar quantities of MAI and Pbl, in GBL and it was
kept on a hot plate at 60 °C overnight. Before crystallization, the precursor solution was filtered
using a polytetrafluoroethylene (PTFE) filter with a pore size of 0.2 pum. Subsequently, 2 mL
of this filtered solution was heated at 160°C for 30 min in an oil bath. This initial heating at
high temperature resulted in the growth of very small seed crystals. Further, the seed crystal
solution was heated at a lower temperature of 120°C for 3 h, allowing the crystals to grow in
size. Finally, the remaining solution was discarded and the crystals were washed with acetone

2-3 times to remove any remaining solution present of the surface and then dried.
Synthesis of Gua.MA1.xPbl; single crystals

As in the case of synthesis procedure of MAPDI; single crystals, 1M perovskite solutions
containing precursors Pblo, MAI and Gual in a molar ratio of 1:0.8:0.2 was prepared in GBL
in separate glass vials and kept at 60 °C overnight. Before crystallization, the precursor
solutions were filtered using a PTFE filter with a pore size of 0.2 pm. Subsequently, 2 mL of
this filtered solution was heated at 160 °C for 30 min in an oil bath. This initial heating at high
temperature resulted in the growth of very small seed crystals. Further, the seed crystal solution
was heated at a lower temperature of 120°C for 3 h, allowing the crystals to grow in size.
Finally, the remaining solution was discarded and the crystals were washed with acetone 2—3
times to remove any remaining solution present of the surface and then dried. Attempts to
obtain crystals from the solutions containing precursors Pblo, MAI and Gual in a molar ratio

0f 1:0.7:0.3 and 1:0.6:0.4 were also made, however, no crystals could be formed.

2.1.3 Solar cell device fabrication

2.1.3.1 Methods used for thin film deposition

2.1.3.1.1 Spray pyrolysis

Spray pyrolysis is an inexpensive and simple process for deposition of thin films. In this
technique, the reactants dissolved in a solvent are sprayed on a heated substrate and the final

product is formed on the substrate. The reactants and solvents are selected in such a way that
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the undesired by-products and the solvent is evaporated at the temperature of deposition %,
The schematic diagram of this technique is shown in Fig. 2.5. In a simplistic arrangement, the
precursor solution is poured into a container which is connected to the spray gun with the help
of a pump or the spray gun is directly dipped inside the container. The spray set-up is also
connected to a supply of compressed gas with a regulator to control the pressure. When this
gas is released into the spray gun at a controlled pressure, the solution is forced to reach the
nozzle and spray starts in the form of small droplets of solution. The substrate, which is heated
at a desired temperature on the hotplate, is kept directly below the nozzle. After the droplets
reach the hot substrate surface, they undergo endothermic decomposition. The thermal energy
provided by the substrate aids in the initial decomposition and subsequent recombination of
the constituents. Further sintering at high temperatures leads to the crystallization of constituent

species and finally a smooth film.

Fig 2.5: Components and working of spray pyrolysis technique.
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The size of droplets depends on shape of nozzle as well as the pressure of the compressed gas.
Final thickness of the deposited film is influenced by the distance and angle between the spray
nozzle and substrate, concentration and amount of solution used and substrate temperature.
Additionally, the quality of film depends on the ratio of reactants, carrier gas, size of droplets,

substrate temperature, ambient atmosphere and lastly on the cooling rate after deposition.

2.1.3.1.2 Spin-coating

Spin-coating is another very simple and widely used technique for the deposition of thin films
on the desired substrate. Usually, the substrate is carefully mounted on the centre of substrate
holder, which holds it tightly with the help of vacuum. The compound is first dissolved in a
suitable solvent and then dropped on the substrate, which is further rotated at high speed. Due
to the centripetal force and surface tension of the solvent, the solution is forced to spread as a
uniform layer on top of the substrate. This spin-coating process can be divided into 4 steps

(Fig. 2.6)

1) Deposition — This is the first step where solution is dropped on the surface of substrate.
The deposition can be done on the substrate either when it is static or rotating.

2) Spin-up — After the substrate reaches its maximum speed, most of the solution is thrown
away from the surface due to the centrifugal forces.

3) Spin-off — In this step, the thickness of solution on the surface begins to thin due to the
viscous forces of the solvent.

4) Evaporation — In the last step, the ejection of liquid stops and the layer starts to form
by the evaporation of solvent. The rate of evaporation relies on the vapour pressure and

volatility of solvent used.

Fig 2.6: Different steps in the spin-coating technique (adapted from '87).

Multi-layered films can also be deposited by repeating the above steps for desired number of
times. Generally, the thickness of films deposited by the spin-coating technique is inversely

proportional to the angular velocity and given by the equation

73

http://rcin.org.pl



Where t is the final thickness of the film and o is the angular velocity of the spin coater. In
addition to the spinning speed, the thickness also depends on the concentration of the solution

and the properties of solvents.

2.1.3.1.3 Thermal evaporation

Thermal evaporation is a solid state method used for the deposition of thin films and coatings
by vaporizing a target material, transporting it in vacuum, and condensing it on a substrate. A
typical thermal evaporator has several components as illustrated in the schematics in Fig. 2.7.
The pumping line is used to evacuate vacuum chamber to pressures of the order of 107 Torr.
The vacuum gauge measures the pressure inside the chamber. A metal boat keeps the target
material, which needs to be deposited. When electric current is passed through the boat, it starts
heating up and when the required temperature is reached, the target materials starts evaporating.
The desired substrate is placed on the holder, directly above the metal boat. The holder is built
in such a way that, it can rotate or tilt along the vertical axis depending upon the requirements
of deposition. These options help to avoid undesirable shadows. A thickness monitor based on
a quartz crystal microbalance (QCM), which is present close to the substrate controls the
thickness of the evaporated film by measuring the variation of deposited mass on the surface

of a quartz crystal resonator. The crystal should be kept at a constant temperature for high

Fig 2.7: Schematic illustration of different components of a thermal evaporator set-up.
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accuracy measurements. The shutter is closed until the desired boat temperature is reached and
material vaporization begins. It is again closed when the evaporation process finishes. Thus
mainly two factors control the evaporation process: current through the boat and the shutter

position.

2.1.3.2 Device fabrication of CsiFAixPbls-based mesoporous perovskite
solar cells

Fig 2.8: Schematic illustration for the device architecture of mesoporous PSC with
CsxFA1.xPbls-based perovskite layer.

Materials

FAI and MABr were purchased from dyesol; Pbl, PbBr», 1- adamantylamine, and guanidinium
iodide were purchased from TCI; Csl/CsCl salts were purchased from abcr GmbH; titanium
diisopropoxide bis(acetylacetonate) (75 wt % in isopropanol), lithium bis(trifluoro
methanesulfonyl)imide (Li-TFSI), and 4-tert-butylpyridine were received from Sigma-Aldrich;
chlorobenzene (99.8%), isopropyl alcohol (IPA, 99.8%), dimethyl sulfoxide (DMSO, 99.8%),
N,N-dimethylformamide (DMF, 99.7%), and acetonitrile (99.9%) were purchased from Arcos

Organics.
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Etching and cleaning of FTO coated glass substrates

Chemical etching of FTO substrates (10Q sq™! Nippon sheet glass) with the desired pattern was
carried out with zinc power and HCI solution (concentrated HCl:water=1:5 v/v). Further,
etched FTO substrates were first cleaned with 2% Hellmanex solution in deionized (DI) water,
followed by acetone and ethanol. The substrates were kept in each solution for sonication for
15-20 min. Finally, after cleaning with ethanol, the substrates were dried by air gun. Before the

deposition of next layer, substrates were UV-ozone treated for 15 min.
Solution preparation of TiO: and deposition of respective compact layer

After the substrates were etched and cleaned, the compact layer was deposited by spray coating
of a TiOz solution at 450 °C in air. The solution was prepared by mixing 9 ml of ethanol
solution with 0.6 mL of titanium diisopropoxide bis-(acetylacetonate) solution (75% in 2-
propanol, Sigma-Aldrich) and 0.4 mL of acetylacetone. After cooling down the substrates, they

were again UV-ozone treated for 15 min.
Solution preparation of TiO: and deposition of respective mesoporous layer

A thick mesoporous layer of TiO> was deposited on top of the compact TiO; electron transport
layer by spin-coating. The 30 nm-sized nanoparticles (Dyesol 30NRD, Dyesol) were diluted in
ethanol (1:6 wt/wt) and deposited by spin-coating at 5000 rpm for 10 s. Then, the films were
gradually heated to 500 °C and sintered at that temperature for 1.5 h under oxygen atmosphere.
The substrate was cooled and kept for UV-ozone treatment for 15 min before transferring to

glove box for the deposition of perovskite layer.
Solution preparation of Cso.20FAo.s0Pbl3 and deposition of respective layer

The perovskite solutions were prepared in 1 mL of anhydrous DMF/DMSO (4:1; v/v) solvent
mixture. For reference perovskite Cso.20FAo.80Pblz, Pblx (1 mmol; 0.461 g), FAI (0.80 mmol,
0.137 g), and CsI (0.2 mmol, 0.051 g) was dissolved in the solvent by vigorous stirring at 60
°C for =12 h till the cloudy solution yields to a transparent yellow solution. The 1M stock
solution of Csp.20FAo.80Pbls by our modified method was prepared by dissolving Pbl> (1 mol;
0.461 g), FAI (1 mmol, 0.172 g), and CsCl (0.2 mmol,0.033 g) in 1 ml of anhydrous
DMF/DMSO (4:1; v/v) at 60 °C for =12 h till the cloudy solution yields to a transparent yellow
solution. Afterwards, the perovskite solutions were spin-coated by a one-step spin-coating
program with two steps at 1000 rpm for 10 s and 6000 rpm for 20 s. In the second step, 100 uL
of chlorobenzene (CB) was dropped on top of the spinning film 10 s prior to the end of the
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program. After deposition, the film was annealed at 150 °C for 30 min in a dry box under

controlled atmospheric conditions.
Solution preparation and deposition of respective passivation layer

The passivation solutions of ADA (1- adamantylamine) were prepared by dissolving 1, 3 and
5 mg of ADA in 1 mL of isopropyl alcohol (IPA) in separate glass vials. Similarly Gual
(guanidinium iodide) solutions in IPA were prepared with concentration of 3, 5 and 10 mg/mL.
These solutions were deposited on top of perovskite layer by spin-coating at 5000 rpm for 30
s followed by annealing at 100 °C for 10 min.

Solution preparation of spiro-OMeTAD and deposition of respective layer

The hole transporting material (HTM) solution was prepared by dissolving 90 mg spiro-
OMeTAD, 20.6 uL of Li-TFSI (stock solution of Li-TFSI 520 mg/mL in acetonitrile) and
35.6 uL tert-butylpyridine in 1 mL of chlorobenzene. This solution was spin-coated at 4000
rpm for 20 s.

Deposition of Au layer

The final layer of gold as a thin top electrode (~80 nm) was deposited by thermal evaporation

under high vacuum using a Leica thermal evaporator.

2.1.3.3 Device fabrication of KFA97MAg.03Pb(Io.97Bro.03)3-based planar
perovskite solar cells

Fig 2.9: Schematic illustration for the device architecture of planar PSC with ZnO QDs-based
electron transporting layer.
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Materials

FAI MAI, and MABr were purchased from dyesol; Pbl> and PbBr, were purchased from TCI;
titanium diisopropoxide bis(acetylacetonate) (75 wt % in isopropanol), lithium bis(trifluoro
methanesulfonyl)imide (Li-TFSI), and 4-tert-butylpyridine were received from Sigma-Aldrich;
chlorobenzene (99.8%), isopropyl alcohol (IPA, 99.8%), dimethyl sulfoxide (DMSO, 99.8%),
N,N-dimethylformamide (DMF, 99.7%), and acetonitrile (99.9%) were purchased from Arcos
Organics. Novel zwitterion coated ZnO quantum dots (QDs) were synthesized according to the
newly developed procedure by PhD student Zygmunt Druzynski from the Lewinski group at
Warsaw University of Technology.

Etching and Cleaning of FTO coated glass substrates

As explained in the previous section, chemical etching of FTO substrates (10Q sq!' Nippon
sheet glass) with the desired pattern was carried out with zinc power and HCI solution
(concentrated HCl:water=1:5 v/v). Further, etched FTO substrates were first cleaned with 2%
Hellmanex solution in deionized (DI) water, followed by acetone and ethanol. The substrates
were kept in each solution for sonication for 15-20 min. Finally, after cleaning with ethanol,
the substrates were dried by air gun. Before the deposition of next layer, substrates were UV -

ozone treated for 15 min.
Solution preparation of ZnO QDs and deposition of respective layer

A colloidal solution of ZnO QDs was prepared by dissolution of a microcrystalline ZnO
powder (5 mg) powder was dissolved in 1 mL of ethanol. Sonicating this solution for 25-30
min and then filtering with a PTFE filter of pore size 0.45 pm resulted in a clear solution. Next
the resulting colloidal solution was deposited on top of FTO substrates by spin-coating at 3000
rpm for 20 s followed by annealing at 150 °C for 1 hour in air. Multiple layers of ZnO were
also deposited with the same deposition parameters and an intermediate annealing was done at
150 °C for 10 min before the deposition of the next layer. Finally, these multilayer films were

again heated at 150 °C for 1 hour in air.
Solution preparation of NH.X and deposition of respective passivation layer

The solutions of ammonium halides (NH4F, NH4Cl and NH4Br) with concentrations of 1, 3
and 5 mg/mL were prepared in two ways. First, different amounts of ammonium halides were
dissolved in the 5 mg/mL ZnO solution in ethanol. For example, 1 mg of NH4F was dissolved

by sonication in the 5 mg/mL ZnO solution to get a mixed solution. Similarly, 3 and 5 mg of
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NH4F and 1, 3, and 5 mg of NH4Cl and NH4Br were mixed with ZnO solution in separate
containers in order to get different solution concentrations. Subsequently, these solutions were
filtered with a PTFE filter of pore size 0.45 pm and deposited on top of FTO substrates by spin-
coating at 3000 rpm for 20 s followed by annealing at 150 °C for 1 hour in air. In the second
strategy, the ammonium halide solutions were prepared separately by dissolving them in the
deionized water. In this case, again three concentrations of 1 mg/mL, 3 mg/mL and 5 mg/mL
for each NH4F, NH4Cl and NH4Br were prepared by dissolving appropriate amounts in 1 mL
of deionized water. The powders dissolved completely in the DI water immediately without
the need of sonication. These solutions were further filtered with a PTFE filter of pore size 0.45
um before deposition. The solution was spin coated on top of ZnO layer at 5000 rpm for 20s

and subsequently annealed at 150 °C for 30 min.
Solution preparation of FAo.97MA.03Pb(19.97Bre.03)3 and deposition of the respective layer

The perovskite films were deposited from the precursor solution using a single-step deposition
method. The precursor solution was prepared in the Argon atmosphere with a concentration of
1.45 M containing FAIL, MABr, Pbl;, and PbBr; in anhydrous DMF/DMSO (4:1; v/v) to
achieve the desired composition: FA¢97MAo.03Pb(lo.97Bro.03)3 (3% Pbl excess). 0.1 M of
MAI+I; was prepared by dissolving in IPA and stirred at 70°C. Then, 5 mM of this mixture
was added to the perovskite composition as reported '*8. The perovskite solution was deposited
on by a one-step spin-coating program with two steps at 1000 rpm for 10 s and 5000 rpm for
30 s, respectively. In the second step, 270 pl of chlorobenzene was dropped on the spinning
substrate. This was followed by annealing the films at 150 °C for 35 to 40 min. All the devices

were fabricated inside a dry air box, under controlled atmospheric conditions
Solution preparation of EAI and deposition of respective passivation layer

After the substrate with deposited perovskite layer was cooled down to room temperature, all
the films were surface passivated by ethylammonium iodide (EAI) (3 mg mL!in IPA), The
EAI solution was spin coated at 6000 rpm for 30 s followed by the annealing at 70 °C for 10-

15 min.
Solution preparation of spiro-OMeTAD and deposition of respective layer

The HTM solution was prepared by dissolving 90 mg spiro-OMeTAD, 23.2 pL of Li-TFSI
(stock solution of Li-TFSI 520 mg/mL in acetonitrile) and 36 uL of tert-butylpyridine in 1

mL of chlorobenzene. This solution was spin-coated at 5000 rpm for 30 s.
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Deposition of Au layer

The final layer of gold as a thin top electrode (~80 nm) was deposited by thermal evaporation

under high vacuum using Leica thermal evaporator.

2.2 Characterization techniques

2.2.1 X-Ray Diffraction

Characterization of mechanochemically synthesized 2D perovskite powders

Diffraction pattern of perovskite powder was recorded with an Empyrean diffractometer
(PANalytical) equipped with a copper lamp (40 kV, 40 mA) and a secondary graphite (002)
monochromator. For the measurements, Ni-filtered Cu Ka (A = 0.154 nm) radiation was used
and was detected with an X’Celerator 1D detector in the Bragg—Brentano 6—6 geometry. The
measurement was carried out in the 20 angle range of 3° to 30° without rotating the sample

using a low background Si sample holder.
Temperature dependent characterization of powdered single crystals of MAPbI;

Temperature-dependent diffraction patterns of powdered single crystals were recorded with an
Empyrean diffractometer (PANalytical) equipped with a copper lamp (40 kV, 40 mA). The
samples were mounted inside the Anton Paar TTK-450 sample chamber for nonambient X-ray
diffraction experiments. For the measurements, Ni-filtered Cu Ko (A = 0.154 nm) radiation was
used and was detected with an X’Celerator 1D detector in the Bragg—Brentano 6—6 geometry.
The XRD patterns were recorded over a 20 range of 10—50° without rotating the sample using

a low background Si sample holder.
Characterization of powdered single crystals of GuaxMA;.xPbl;

Diffraction pattern of powdered single crystals was recorded with an Empyrean diffractometer
(PANalytical) equipped with a copper lamp (40 kV, 40 mA) and a secondary graphite (002)
monochromator. For the measurements, Ni-filtered Cu Ka (A = 0.154 nm) radiation was used
and was detected with an X’Celerator 1D detector in the Bragg—Brentano 6—60 geometry. The
measurement for finely ground crystals was carried out in the 20 angle range of 10° to 30°

without rotating the sample using a low background Si sample holder.
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Characterization of thin films of Cso.20FAo.soPblz and FAg.97MA¢.03Pb(19.97Br0.03)3

Diffraction pattern of perovskite thin film was recorded by an X’Pert MPD PRO (PANalytical)
diffractometer containing a Cu anode (A = 1.54060 A), an RTMS X’celerator (Panalytical) and
a secondary graphite (002).The samples were measured in the 20 angle range of 5° to 40°

without rotating the sample.

2.2.2 UV-Vis spectroscopy

Characterization of mechanochemically synthesized 2D perovskite powders

Optical absorption (UV-Vis) spectra for mechanochemically synthesized perovskite were

recorded on a Hitachi U-2910 spectrophotometer.
Characterization of powdered single crystals of MAPbI; and GuaxMA;.xPbl;

Optical absorption (UV-Vis) spectra for ground perovskite crystals were recorded on a Hitachi

U-2910 spectrophotometer.
Characterization of thin films of Cso.20FA0.s0PbI3

Optical absorption (UV-Vis) spectra for perovskite films were recorded by a Varian Cary 5

spectrophotometer.

2.2.3 Steady-state photoluminescence

Characterization of Cso.20FAo.s0Pbls; and FAg.97MA.03Pb(19.97Bro.03)3 thin films

Photoluminescence spectra of perovskite films were recorded with Fluorolog 322 (Horiba

Jobin Ybon Ltd)

2.2.4 Time-resolved photoluminescence

Characterization of Cso.20F A0.s0Pbl; thin films

Time resolved photoluminescence (TRPL) spectra of CsxFA;xPblz were obtained with a

picosecond pulsed diode laser EPL-405 with an excitation wavelength of 405 nm and pulse
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width of 49 ps. For fitting, a biexponential equation was employed and the lifetime was

determined using the following equation: Tavr = 71 * T2/ ( T1 + 12)

Characterization OfFAo_97MA0,03Pb(Io.97Br0,03)3 thinﬁlms

Time resolved photoluminescence (TRPL) spectra were obtained via time-correlated single-
photon counting (TCSPC) using a LifeSpec II (Edinburgh Instruments) fluorescence
spectrometer with a picosecond pulsed diode laser (EPL-510, Edinburgh Instruments) with an
excitation wavelength of 510 nm and pulse width of 85 ps. For fitting, a monoexponential

equation was employed and the lifetime was determined using the following equation:

Tcarrier = 2Tdecay

2.2.5 Nuclear Magnetic Resonance

Characterization of mechanochemically synthesized 2D perovskite powders

Solid—state MAS NMR spectra of 'H (700.1), '3C (176.0 MHz) and ?H (107.5 MHz) were
recorded on a Bruker Avance III 16.4 T spectrometer equipped with 4 mm CPMAS probe. The
recycle delays in 1H-13C cross-polarization (CP) experiments were set based on the measured
'H T values and were between 3 and 5 s. MAS spin rate of 12 kHz was used and 'H decoupling
(80 kHz) was applied during acquisition. ’H spectra were recorded at 4 kHz MAS using a Bloch
decay pulse sequence and a recycle delays of 0.06 s (PEA2Pbl4) 0.5 s (BA2Pbls), 2 s (BAI-ds,
PEAI-d;) and 12 s (MAI-ds). The spectra were processed with MestReNova software.

Characterization of single crystals of GuaxMA;.xPbl;
The liquid state 'H NMR spectra were collected at 298 K using a Bruker 600 AVANAC III

spectrometer and processed with MestReNova software.

2.2.6 Scanning electron microscopy

Characterization of Cso.20FAo.soPbls and FAg.97MA.03Pb(19.97Bro.03)3 thin films

The morphology and cross-section of perovskite films were studied by high-resolution Zeiss

Merlin SEM.
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2.2.7 Atomic force microscopy

Characterization of Cso.20FA¢.soPbl;3 thin films

The morphology and surface roughness of perovskite films was studied by NanoScope

IIIa/Dimension 3100 AFM.

2.2.8 Ultraviolet spectroscopy

Characterization of Cso.20FA0.s0Pbl3, FA¢.97MA0.03Pb(10.97Br0.03)3 and ZnO QD thin films

The valence and Fermi levels of respective films were recorded by using an ultraviolet
photoelectron spectrometer (AXIS NOVA, Kratos Analytical Ltd, UK) with He I (21.2 eV) as

the photon source.

2.2.9 J-V characterization

Characterization of Cso.20FAo.soPbls and FAg.97MA.03Pb(19.97Bro.03)3-based solar cells

The J-V curves for solar cells were recorded using a Keithley (model 2400) digital source
meter. A 450 W xenon lamp (Oriel) with a Schott K113 Tempax sunlight filter (Praezisions
Glas & Optik GmbH) was used to match the emission spectra to the AM1.5G standard in the
350-750 nm region. A dark coloured metal mask was used to mask the devices for J-V
measurements, resulting in an active area of 0.16 cm? (for mesoscopic devices) and 0.158 cm?

(for planar devices). The light intensity was ranging between 0.98 to 1 Sun.

2.2.10 IPCE measurements

Characterization of Cso.20FAo.soPbIs-based solar cells

Incident photoelectron conversion efficiency (IPCE) measurements were performed using a

LED light source (Ariadne EQE from Cicci Research)

Characterization of FAo.97MA.03Pb(10.97Br0.03)3-based solar cells

The IPCE was measured with a steady white light bias of around 5 mW c¢m™ provided by a

white light-emitting diode array. The excitation beam was focussed using a Gemini-180 double
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monochromator (Jobin Yvon Ltd) and chopped at about 2 Hz using a 300 W Xenon lamp (ILC
Technology). A Model SR830 DSP Lock-In Amplifier (Stanford Research Systems) was used

to record the signal.

2.2.11 Operational stability measurements

Characterization of Cso.20FA9.80PbI3-based solar cells
The shelf life was recorded for 7 days by keeping the devices in a dry air box with a relative
humidity of 30% and monitoring every 24 hours in the backward scan direction (10 mV as the

step voltage).

Characterization of FAg.97MAq.03Pb(10.97Bro.03)3-based solar cells

The Biologic MPG2 potentiostat was used to assess stability under a full AM 1.5 Sun-
equivalent white LED bulb. Under continuous illumination at room temperature, the devices
were tested using a maximum power point (MPP) tracking technique. A typical perturb and
observe strategy was used to update the MPP every 10 seconds. A J-V curve was captured

every minute in order to trace the change of specific JV parameters.
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Chapter 3: Synthesis and characterization of
lead based halide perovskite materials

Part A- Mechanosynthesis and characterization of lead
based 2D Ruddlesden-popper perovskites

3.1 Introduction

The 2D Ruddlesden-popper layered perovskites have a general formula of A’>A”n-1BnX3n+1,
where A’ is a large organic cation (aromatic or aliphatic alkyl ammonium cation), A” is a
monovalent cation (Cs*, CH;NH3"*, or CH(NH2)."), B is the divalent metal cation (Pb**, Sn*")
and X is the halide anion (CI', Br or I'), and integer n denotes the number of inorganic layers
separated by the A’ cation. Remarkably, these 2D perovskites are more resistant towards
degradation from moisture as compared to their 3D analogues. Reason behind this stability lays
in the hydrophobic nature of the spacer A’ cations. Additionally, they are more structurally
stable and resistant to the degradation caused by light °°. The 2D perovskites based on lead as
the B-site cation, methylammonium as the monovalent cation and iodide as the halide anion
have attracted significant attentions due to their unique and efficient performance in solar
cells °12. Additionally, the most utilized spacer cations are n-butylammonium (C4NH;;) and
2-phenylethylammonium (C1sNgH3s). However, the synthesis of 2D perovskites based on these
cations has only been restricted to the solution based and vapor deposition methods >, which
present several disadvantages. The solution processing techniques often utilize solvents which
are not environment friendly as well as provide inherent impurities from the solvents and vapor
deposition methods increase the cost of production. Therefore, there is a continuous need for
the development of new efficient methods for the preparation of these perovskite materials.
While mechanochemistry has become one of the common procedures for synthesizing 3D
perovskites due to its simple and environment friendly process, the mechanosynthesis of 2D

perovskites is still in an embryonic stage.

In this work, a solvent-free mechanochemical method was used for the synthesis of lead based

2D Ruddlesden-popper layered perovskites with the general formula of A’>2MAu-1Pbul3n+1.
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Three different spacer cations were investigated for the synthesis namely, n-butylammonium
(BA), 2-phenylethylammonium (PEA), and 2H-pyrimido[l,2-a]Jpyrimidine-1,3,4,6,7,8-
hexahydro-hydroiodide as a cyclic guanidinium (c-Gua). The resulting microcrystalline
powders of these materials were further characterized by powder X-Ray diffraction (PXRD),
UV-Vis absorption spectroscopy, and solid state Nuclear magnetic resonance (NMR)
spectroscopy. The XRD analysis revealed that among the three spacer cations, BA and PEA
cations successfully produced 2D layered perovskites with n=1, 2, and 3, while c-Gua produced
non-perovskite structures. The UV-Vis spectra confirmed the decrease in bandgap of the
layered materials with increasing value of n. Purity and local molecular structure of the layered

materials were also established by the 'H and !*C solid state NMR spectra.

3.2 Results and discussions

3.2.1 Selection of spacer cations for 2D Ruddlesden-popper layered
perovskites

As discussed in Chapter 1 (Section 1.6.3), when a large organic spacer cation is incorporated
into the 3D perovskite structure, the crystal lattice is transformed into inorganic layers of corner
sharing BXs octahedra separated by the spacer cations. Usually, these layers are oriented along
the (100), (110), and (111) planes of 3D crystals. It can be visualized as the slicing along one
of these crystallographic planes to form a 2D sheet like structure. This leads to the formation
of a 2D quantum-well nanostructure as the inorganic and organic layers are arranged in
alternating fashion. Due to this quantum confinement, the 2D layered perovskites exhibit
higher bandgap values as compared to their 3D counterparts '¥1°, For the work included in
this thesis, three different types of organic moieties were investigated as the spacer cations —
linear, aromatic, and cyclic. The molecular structures of these cations are presented in Fig. 3.1.
All these molecules have ammonium cation with a linear carbon chain in BA, aromatic carbon

chain in PEA and a cyclic chain in c-Gua.
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Fig. 3.1: Molecular structure of the investigated spacer cations.

3.2.2 2D layered perovskites with n-butylammonium as the spacer
cation

The synthesis of BA2MA-1Pbulzn+1 for n=1 Ruddlesden-Popper structure was carried out as
described in the experimental section of Chapter 2. The precursors BAI and Pbl> were grinded
together in the appropriate ratios for 30 min at a shaking speed of 30 Hz. The final product was
obtained in the form of an orange colored uniform microcrystalline powder (Fig. 2.2). Further,
the sample was analyzed by PXRD in order to study the crystal structure of the resulting
materials. One of the important characteristics of 2D perovskites is the presence of low angle
diffraction peaks (i.e., (0kO) reflections) as reported for the materials synthesized by a solution
processing technique '°!. The peak at 6.4° for the crystallographic plane corresponding to (002)
plane was observed, revealing the formation of BA>Pbl4 phase (orange curve in Fig. 3.2). Other
characteristic peaks were also observed from the diffraction planes (004), (006), and (008) at
20 angles of 12.8°, 19.3° and 25.8° respectively. Generally, 2D perovskites with n=1
preferentially grow along the (110) direction, and hence, display the reflection peaks of the
planes corresponding to (001), which is parallel to the substrate 8. Moreover, the absence of
peak around 12° showed that there was no Pbl: present in the sample, indicating the high purity

of final product.
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For the synthesis of next 2D perovskite of the series with n=2 (BA2MAPb:I), initially two
separate batches of the precursors, BAI and Pblo (molar ratio 2:1) as well as MAI and Pbl
(molar ratio 1:1), were independently grinded at 30 Hz for 30 min to form BA>Pbl4 and MAPbI3
materials. Next, these powders were mixed together in a ratio 1:1 in order to get the product
with correct stoichiometry and grinded for another 30 min at 30 Hz. However, this 2-step
grinding method resulted into a product with very low crystallinity with broad PXRD peaks.
Besides, the characteristic peak for the expected n=2 layered perovskite was also not observed
below 10°. Therefore, for the next control experiment, another approach was followed where
the precursors BAI, MAI, and Pbl; in the ratio 2:1:2 were grinded together in the same jar and
subsequently annealed (for details see the experimental section of Chapter 2). In this case, the
resulting material was uniform and dark maroon in color (Fig. 2.2). The PXRD data revealed
the characteristic low angle peaks at diffraction angles of 4.5° and 9° corresponding to (020)
and (040) planes for the expected n=2 layered perovskite material with formula BAoMAPb1;
(maroon curve in Fig. 3.2). Interestingly, when the MA cation is added into the system, it tries
to promote the growth of crystal out of the planar layers whereas the BA cation ensures the
confined growth within the layer. Therefore, in addition to the peaks from (0kO) planes,
reflections from (111) and (202) are also observed in the PXRD pattern, which displays the

Fig. 3.2: PXRD pattern of synthesized 2D BA>2MAn-1Pbnlsn+1 perovskite materials with spacer
cation BA for n=1 (orange curve), n=2 (maroon curve) and n=3 (black curve).
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vertical growth of the crystal lattice on the substrate . In the synthesized mechanopowders,
these peaks from (111) and (202) were seen at 14.3° and 28.4°, respectively. Additionally,
characteristic reflections also appeared at diffraction angles of 13.5° 18.1°, and 28.7° by the
planes (060), (080), and (222). This shows that mechanochemical synthesis only results in the

formation of desired products when precursors are grinded in a particular order.

With regard to the developed mechanochemical procedure for the n=2 layered perovskites,
similar reaction conditions were used for the preparation of n=3 perovskites (BA2MA2Pbslio).
This mechanoperovskite material was synthesized by taking the precursors BAI, MAI and Pbl,
in a ratio of 2:2:3 and after the grinding was finished a uniform black multicrystalline powder
was obtained (Fig. 2.2). Initially, the PXRD pattern of resulting powder showed that the
formation of the expected 3 layered structure was not complete as some of the characteristic
peaks were absent. The subsequent annealing of powders at 80 °C for 3-4 h also had no effect
on the crystallinity of powder. It has been reported that in some mechanochemical reactions,
after the mechanosynthesis, further ageing of compounds lead to the formation desired products
192 Therefore, in order to check if aging had any effect on the material, they were kept inside
the glove box. Finally, after aging the powder for a week and repeating the PXRD
measurements, the characteristic peaks for layered perovskite systems with n =3 were visible.
The reflections resulting from (040) and (060) planes appeared at 6.7° and 10.1° diffraction
angles (black curve in Fig. 3.2). Due to the limitation of PXRD method, the peak for plane
(020) below 3 ° could not be observed. It can be noted that the peak position corresponding to
(040) plane shifts to lower angle from 9°to 6.7° when number of inorganic layers in the 2D
structure changes from 2 to 3. This is directly related to the thickness of 2D inorganic layers,
which increases with increasing value of n. Furthermore, the vertical growth of crystal is

confirmed by the appearance of peaks at angles 14.1° and 28.3° for the planes (111) and (202).

Next, the optical properties of synthesized 2D BA>2MAn-1Pbalsn+1 perovskites were studied by
the UV-Visible spectroscopy. The absorption of powdered materials was recorded in the region
from 350 to 850 nm. As shown in Fig. 3.3, the absorption onset shifts to higher wavelength as
the value of n increases. The absorption behavior of these samples with 2D Ruddlesden-Popper
structure matched well with the observed colors, which changed from orange to black,
indicating light absorption of perovskites at higher wavelength for larger n values. This
bathochromic shift in the absorption band edge is attributed to the increase in number of

inorganic layers in the 2D perovskite system. The optical bandgaps (Eg) were calculated from
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the absorption onset giving values of 2.21 eV, 1.85 Ev, and 1.61 eV for the materials BA>Pbly,
BA>2MAPbB:I7, and BAoMA,Pbsli, respectively. As the inorganic layer becomes thicker, the
perovskite becomes more conducting and the band gap decreases. Additionally, a peak was
observed in the lower wavelength region around 505 nm for BA>Pbls sample due to the
presence of excitonic state !>, A local electrostatic field is created between the BA™ ions and
the negatively charged inorganic layer, which prevents the separation of photogenerated
excitons. Hence, the binding energy decreases with increasing number of layers '°*. The
excitonic peak was also observed for the BA>2MAPDb:I; material at ~566 nm but it almost
vanishes in the case of BAoMA,Pbslio material. The disappearance of excitonic peak for
BA>2MA>Pbslig as a n=3 layered structure material can be explained by the weakening of
electrostatic field with increasing thickness of inorganic layers which allows the dissociation

of excitons.

—+_ BARN=1
—— BAMA n=2
—~ BAMAn=3

Fig. 3.3: Normalized UV-Vis spectra of the synthesized 2D BA>MAu-1Pbulzn+1 perovskite
materials with the cationic BA spacer for n=1 (orange curve), n=2 (maroon curve) and n=3
(black curve).

The local molecular structure of these 2D layered perovskites was analyzed by solid state
nuclear NMR measurements. This powerful spectroscopic tool can provide information about
the structure of spacer cation and inorganic layer inside the perovskite crystals. Therefore, to
get deeper insights, the perovskite powders were sent to Dr. Dominik Kubicki in the group of

Prof. Clare Grey at Cambridge University, United Kingdom for solid-state NMR
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measurements. First, 'TH NMR spectra of perovskite powders, BA;Pbls, BA,MAPb:I7, and
BA>2MA,Pbslipas n=1, 2, and 3 materials were recorded and they are presented in Fig. 3.4. The
major signals for hydrogen atom of BA cation in case of the n=1 material were observed at
7.18, 3.59, and 1.20 ppm. Moreover, the signals for the hydrogen atoms at positions 1, 2,
and 3 of the aliphatic chain (as marked in the molecular structure in Fig. 3.4) are overlapped
and give a significantly broad peak around 1.20 ppm. Due to the existence of several internal
spin interaction in the solid state, the solid state NMR peaks width is broader as compared to
that observed in liquid state. Here, this broadening is the result of the presence of 'H-"H dipolar
couplings which are not fully averaged out by Magic Angle Spinning (MAS). As the MA cation
is introduced to the n=2 and n=3 perovskite systems, two additional peaks are observed at 3.39
and 6.47 ppm for two different hydrogen atoms of methyl and ammonium groups, respectively.
Additionally, it was noted that as the number of inorganic layers increases (for n =2 & 3), the

resonance from ammonium hydrogens shifts to lower values.

Fig. 3.4: '"H NMR spectra of the synthesized 2D BA;MA,,-1Pbulsn+1 perovskite materials with
the cationic BA spacer for n=1 (orange curve), n=2 (maroon curve) and n=3 (black curve).
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Next, in order to investigate the local structure of carbon atoms, '3C NMR spectra of the
materials BA>Pbls, BAoOMAPDb217, and BA2MA,Pbslio were recorded. As shown in Fig. 3.5
(orange curve), the NMR signals from the carbon atoms of BA cation in BA>Pbls material
appear at 16.15, 20.9, 30.72, and 42.35 ppm. After the addition of MA cation and producing
BA>2MAPbD:I7 and BAoMA,Pbslig samples i.e. the n=2 and n=3 layered materials, an additional
peak appears at 31.22 ppm corresponding to methyl carbon. It can also be noted that the NMR
signal for carbon closest to ammonium group shifted to higher resonance value of 43.88 ppm

in n>1 samples.

Fig. 3.5: 1°C NMR spectra of the synthesized 2D BA>MA,,-Pbulsnt1 perovskite materials with
the cationic BA spacer for n=1 (orange curve), n=2 (maroon curve) and n=3 (black curve).

To study the dynamics of MA and BA moieties in these materials, ’ZH NMR spectra were also
recorded for the deuterated precursors as well as the deuterated layered perovskite samples.
However, the NMR spectra revealed that the 2H peaks for BA and MA cations in the precursors

and mechanochemically synthesized BA,Pbls perovskite exhibited similar chemical shift
92

http://rcin.org.pl



values (Fig. 3.6). This overlap of 2H signals in different samples restricted the further analysis
of the dynamics of organic molecules present in the system. Therefore no conclusion could be
drawn from these results and no further 2H NMR measurements were carried out for other

samples.

Fig. 3.6: 2H NMR spectra of the precursors BAI (green curve), MAI (blue curve) and 2D
perovskite material BA>Pbls (orange curve).

3.2.3 2D layered perovskites with 2-phenylethylammonium as the
spacer cation

The next series of 2D perovskites with Ruddlesden-Popper structure were synthesized with 2-
phenylethylammonium (PEA) as the spacer cation. To obtain monolayer PEA,Pbl, perovskite,
the precursors PEAI and Pbl> were grinded together in a ratio of 2:1 ratio as described in the
experimental section of Chapter 2. The resultant material was obtained in the form of
microcrystalline powder with yellow color (Fig. 2.3). The initial PXRD measurements of this
powder without post synthesis annealing revealed the successful formation of the expected 2D
layered perovskite with n=1 (magenta curve in Fig. 3.7). The characteristic low angle reflection
peak from (002) plane was seen at 5.4°. The presence of this highly intense peak indicated the

preferred orientation of the 2D layers along the <001> direction, which is parallel to the

93

http://rcin.org.pl



substrate '°°. Other characteristic reflections of 2D layered structure with n=1 from the
crystallographic planes (004), (006), (008), and (0010) were also observed at 10.8°, 16.2°,
20.4°, and 27.2° respectively. In case of the preparation of PEA;MAPb:I; (n=2) and
PEA>MA;Pbsl10 (n=3), all the precursors were grinded together in appropriate ratios for 30 min
at 30 Hz, however, this resulted in materials with broad PXRD peaks indicating low
crystallinity of the materials. Therefore, in the next control experiments, the grinding time was
increased from 30 min to 60 min and 75 min and PXRD patterns were subsequently recorded.
It was found that longer grinding time of 75 min resulted into the slight improvement in
crystallinity of these perovskite materials. Nonetheless, both the perovskites, PEA>MAPDb:l;
and PEA,MA,Pbslio exhibited relatively low crystallinity relative to the respective n=1 sample
as evidenced by the broad PXRD peaks. While the characteristic reflections of 2D layered

e PEA n=1

T NS (N S N S N S sy e s sy PR N |

e PEAMA n=2

e PEAMA n=3
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Fig. 3.7: PXRD pattern of synthesized 2D PEA2MA;-1Pbuln+1 perovskite powders with PEA
spacer cation for n=1 (magenta curve), n=2 (red curve) and n=3 (black curve).

perovskites below 10° could not be distinguished due to the broad signal, the peaks from (111)
plane were present at 14.25° and 14.18° for the n=2 and n=3 samples, respectively. The
broadness of low angle peaks could be explained by the lesser no of perovskite crystal planes

lying in the parallel direction to substrate. Additionally, the other dominant peaks show that as
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the n increases, the inorganic layers inside the perovskite start growing in perpendicular
direction to the substrate and stronger signals are obtained. For these materials further
experiments with subsequent annealing as well as ageing were also performed, however, they
did not improve the crystallinity of materials. The difficulty in producing pure and highly
crystalline 2D perovskites with PEA spacer cation for the n=2 and n=3 phases of
PEA>MA,-1Pbnlzn+1 could be attributed to the bulky nature of PEA molecule.

The optical characteristics of synthesized PEA-based 2D perovskites were further analyzed by
measuring the light absorption in the UV-Visible region. A similar trend in the absorption
spectra of these perovskites was observed as for the materials made with BA spacer cations.
There was a pronounce shift in the absorption onset to higher wavelength values for 2D
PEA>MA-1Pbnlzn+1 materials when the value of n increased (Fig. 3.8). The layered perovskite
with the n=1 showed an excitonic peak around 500 nm. As explained in the case of BA cation
based 2D perovskites, a local electrostatic field is created between the PEA™ ions and the
negatively charged inorganic layer, which prevents the separation of photo generated excitons.
The other two materials of the series, PEA;MAPb217 and PEA2MAPbslio, exhibited multiple
peaks around 500 nm, 570 nm and 610 nm. The absorption peak near 610 nm and 570 nm can
be assigned to the excitonic absorptions from the n=3 and n=2 perovskites, respectively. The

peak around 500 nm matches with the excitonic peak of n=1 material. This indicates that the

—a— PEAN=1
—— PEAMA

n=2

Fig. 3.8: Normalized UV-Vis spectra of the synthesized 2D PEA>MA-1Pbul3n+1 perovskite
powders with cationic PEA spacer for n=1 (magenta curve), n=2 (red curve) and n=3 (black
curve).
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perovskites with n=2 and n=3 contain trace amount of n=1 material as well. The calculated
optical bandgap values resulted to be 2.23 eV, 2.11 Ev, and 1.98 eV for 2D PEA,Pbly,
PEA>MAPb:I7, and PEA>MALPbslio perovskites, respectively.

Furthermore, the local molecular structure for this series of 2D materials was studied by the
solid state NMR measurements. Dr. Kubicki recorded the NMR spectra of these samples.
Fig. 3.9 shows the '3C NMR spectra of the 2D perovskites with PEA spacer cation for n=1, 2,
and 3. In case of the monolayer PEA;Pbls, the signals from two alkyl carbons appear at 33.91
and 44.36 ppm and the signals from aromatic carbon appear at higher chemical shift values of
130.64, 127.48, and 137.33 ppm, respectively. The second and third member of the series,
show an additional peak at 34.13 ppm originating from carbon atom of the MA methyl group.
This confirms the incorporation of MA cation into the 2D perovskite structure. For further

understanding the dynamics of different molecules, 2H NMR spectra of deuterated precursors

Fig. 3.9: 1°C NMR spectra of the synthesized 2D PEA>MA,, 1Pbulsnt1 perovskite powders
with PEA spacer cation for n=1 (magenta curve), n=2 (red curve) and n=3 (black curve).
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and mechanosynthesized PEA-based perovskite powders were recorded. However, again the
signals from the deuterated hydrogen of PEA and MA appeared at the same chemical shifts as
shown in Fig. 3.10. When the ?H spectra were recorded for PEA,Pbls, the peaks from
precursors could not be distinguished and no conclusion about the local dynamics could be

drawn.

Fig. 3.10: '"H NMR spectra of the precursors PEAI (green curve), MAI (blue curve) and 2D
PEA,PbI4 material (magenta curve).

3.2.4 Attempts to synthesize inorganic-organic hybrid materials
involving a cyclic guanidinium

Next, 2H-pyrimido[1,2-a]pyrimidine-1,3,4,6,7,8-hyxahydro-hydroiodide (c-Gual) was utilized
as a potential spacer cation for the synthesis of a series of materials with the general formula
(c-Gua):MAn-1Pbuls+1. Using the similar procedures described above for the synthesis of BA
and PEA-based 2D layered perovskites, c-Gual was also grinded with other precursors in order
to get 2D structures. For example, c-Gual and Pbl, were grinded together in a ratio of 2:1 at 30

Hz for 30 min (for details see the experimental section of Chapter 2) for synthesizing the
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expected n=1 Ruddlesden-Popper structured materials. Similarly, the precursors c-Gual, MAI
and Pbl in the stoichiometric ratios of 2:1:2, 2:2:3 precursors were grinded in order to obtain
the expected layered materials for n=2 and 3 respectively. The obtained powders for all the
materials were pale yellow in color. However, the PXRD measurements showed no
characteristic peaks for a layered perovskite structure at low angles below 10° (Fig. 3.11). The
synthesized material for the expected n=1 layered structure exhibited several peaks in the
region from 15 °to 30 °, however, they were difficult to interpret. Two strong peaks were also
seen around 9.3 °and 10.1 °, which didn’t match with any of the perovskite plane. Interestingly,
when MA cation was added to the (c-Gua)>Pbls material in order to get the anticipated n=2 and
n=3 phases, the resulting materials also showed several XRD peaks in the region from 15 °to
30°. In case of the materials with precursors mixed for n=3 phase, two small peaks appeared
around 11.4 °and 14.1 °. The peak at 14.1 ° might be the result of diffraction from (111) plane
of perovskite phase, however no other peaks were identified from the crystalline perovskite
structure. The absence of any characteristic 2D perovskite diffraction peak in these materials
could be due to the formation of non-perovskite polymeric structure when c-Gua is used as the
potential spacer cation. Therefore, for the next set of experiments, milling time was increased

from 30 min to 60 min and 75 min. The increase in reaction time also displayed no effect on

— c-GU n=1
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Fig. 3.11: XRD pattern of hybrid inorganic organic materials involving c-Gua cation for n=1
(magenta curve), n=2 (red curve) and n=3 (black curve).
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the structure of materials as measured by PXRD. The powders were subsequently annealed at
80 °C for varying time of 60 min to few hours, however, no change in the crystallinity of
materials could be seen. The series of experiments indicated that c-Gua cannot be incorporated
into the 2D perovskite structure and therefore no further experiments were conducted with this

cation.

3.3 Conclusions

In conclusion, the simple and solvent-free mechanochemical procedure was followed for the
synthesis of 2D layered perovskite materials of the general formula Ao MA,-1Pbulsn+1. Three
different types of cations namely, n-butylammonium (BA), 2-phenylethylammonium (PEA)
and 2H-pyrimido[1,2-a]pyrimidine-1,3,4,6,7,8-hexahydro-hydroiodide =~ as a cyclic
guanidinium (c-Gua) were investigated as potential spacer cations. After grinding the
precursors in the shaker mill and optimizing the reaction conditions, a series of phase pure 2D
layered perovskites with the n=1, 2 and 3 Ruddlesden-Popper structure were obtained in case
of the BA cation. The mechanosynthesis involving PEA cation resulted in the formation of
phase pure 2D perovskites with the n=1 Ruddlesden-Popper structure, however, mixed phase
2D perovskites were obtained for the n=2 and n=3 materials. Nevertheless, the c-Gua cation
could not be incorporated into a 2D perovskite structure and the process resulted into the
formation of ill-defined non-perovskite materials. Characterization techniques like PXRD,
UV-vis spectroscopy and solid state NMR confirmed the formation of 2D layered materials
with the n=1, 2 and 3 structures for BA and PEA spacer cations. The results nicely demonstrate
that the mechanochemical approach is a powerful synthesis technique, which can be extended
for the pure phase synthesis of high quality 2D Ruddlesden-Popper perovskite powders by

optimizing the reaction conditions.
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Part B: Investigating fundamental properties of lead based
halide perovskite single crystals

3.4 Introduction

In the second part of this chapter, the synthesis and properties of single cation and double cation
metal halide perovskite crystals are discussed. Metal halide perovskites in the form of single
crystals are more suitable for the study of the inherent optical and electronic properties on a
more fundamental level than the polycrystalline perovskite thin films. Due to the substantially
limited grain boundaries in single crystals, they offer better transport of charge carriers and
reduced defect density, making them more favourable for optoelectronic
applications 4196197198 Interestingly, single crystals of the simplest and commonly explored
halide perovskite, MAPbI3, have shown reduced defects and a higher carrier lifetime and carrier
diffusion length *>!%°. Therefore, a lot of efforts have been dedicated for investigating the
growth mechanism and properties of perovskite single crystals. Furthermore, in perovskite
solar cells (PSCs), the efficiency and stability of devices depend on the ion migration inside
the perovskite materials. In MAPbI3, the major ions contributing to the ion migration are MA™
, I, H", and Pb*" 290291 Among these, H" ions have a negligible role due to their low
concentration and Pb?" ions have a high activation energy for the migration as compared to that
of other ions 2°*?%, The ions MA* and I" have low binding energy and they play a significant
role in the hysteresis behaviour in the current-voltage scan and stability of MAPbIs-based solar
cells 2°%2%5 One way to reduce the hysteresis of PSCs is controlling the chemical arrangement
and replacing some of I" with other smaller halides such as Br ~2°¢2%7_ Another way is to dope
the A-site MA" cation with other cations to reduces the ion migration. For this purpose,
guanidinium (Gua) cation was investigated theoretically due to its zero dipole moment and
larger size relative to the MA cation %2 However, the studies revealed that including Gua
into the MAPDbDIz perovskite structure increases the hysteresis effect in current-voltage
measurements when compared to pure MAPbIs-based PSCs. Therefore, further detailed
investigation of Gua doping of MAPDI; perovskite crystal lattice needs to be carried out in

order to understand the ion transport mechanism.

In the following section, the synthesis of high quality MAPbI; single crystals using the inverse

temperature crystallization (ITC) method is discussed. The basic characterization of crystals
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was performed using XRD and UV-vis spectroscopy. The temperature dependent XRD
measurements showed that the crystals were stable up to 363 K. These single crystals were
then sent to our collaborator Dr. Pankaj Yadav at Pandit Deendayal Petroleum University, India
for further analysis using electrochemical impedance spectroscopy (EIS) and capacitance
spectroscopy. Following this work, a double cation single crystal was synthesized, where a
small amount of Gua cation was introduced into the MAPbI; crystal to replace some of the MA
cations. This resulted in the formation of single crystals with formula GuaxMA .Pbl3 (x=1.5).
Subsequently, the crystal structure of GuaxMAxPbls was confirmed by XRD and the ratio of
MA and Gua cations introduced into the perovskite structure was calculated by the liquid state
NMR measurements. In order to study the effect of Gua incorporation on the electronic
properties of MAPbI3, the crystals were then sent to Dr. Pankaj Yadav for electrochemical
characterization. These studies have enabled to investigate the in-depth properties of single

cation and double cation perovskite single crystals.

3.5 Results and discussions

3.5.1 Properties of MAPDI3 single crystals

MAPDI3 single crystals were synthesized by dissolving MAI and Pbl; (ratio 1:1) in y-
butyrolactone (GBL) following the ITC method (for experimental details, see Chapter 2). A
2-step heating of precursor solution at 160 °C and 120 °C, respectively, resulted in the

formation of well-shaped single crystals as shown in Fig. 3.12.

Fig. 3.12: Images of seed crystals in precursor solution (left) and dried single crystals (right)
of MAPDI;.
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Fig. 3.13 (black) shows the room temperature XRD measurement at 298 K and it revealed the
presence of characteristic peaks for tetragonal crystal structure. Reflection peaks were observed
at 14.4°, 40.6°, and 43.3° from the crystallographic planes (110), (224,) and (314), respectively.
Next, the XRD patterns were recorded with increasing temperature starting from 298 to 393 K
in order to determine the thermal stability of the materials. As it can be seen in Fig. 3.13, the
temperature dependant measurements indicated that the crystals remained stable upon heating
up to 363 K ;no additional peaks were observed in the XRD patterns measured at higher
temperatures, showing no decomposition was taking place. Furthermore, a phase transition
from tetragonal to cubic structure was observed between 323 and 333 K, which is typical for
MAPbI; 2!°. The reflection peak at 23.7°, corresponding to plane (211) in the tetragonal phase,
disappears when the crystal structure changes to cubic. Additionally, the appearance of a peak

at 28.5°, which is a characteristic of (200) plane in the cubic phase, confirms the transition.

Fig. 3.13: Temperature dependent XRD patterns of grounded MAPbI3 single crystals.
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Next, the effect of heating on absorption characteristics of MAPDI3 crystals was analysed by
UV-Vis spectroscopy. The absorption spectra in Fig. 3.14 show that there was no significant
change in the light absorption of crystals at room temperature and after heating at 363 K in the
range of 500 nm to 900 nm. This also indicates that the bandgap of crystals does not change
after heating.

For further investigations of electronic properties of these single crystals materials, they were
sent to our collaborator Dr Pankaj Yadav. By using the EIS method, the temperature and bias
dependent impedance behavior of single crystalline MAPbI3 were investigated for the first
time. It was determined that the low frequency capacitance of MAPDI; is affected by the ion
density and mobility inside the crystal. The net impedance spectrum was found to be a
combination of ionic capacitance and conductivity related resistance. Additionally, the study
revealed that the single crystals had a very low trap density of 0.96 x 10'® cm™ and an

activation energy of 0.53—0.54 eV.
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Fig. 3.14: Absorption spectra of grounded MAPDI; single crystals at 298 and 363 K.
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3.5.2 Properties of GuaxMA1xPbl3 —type single crystals

In the following work, the A-site MA cations were doped with Gua cations in order to form
perovskite crystals with the formula of GuaxMA 1«xPblz. Again, the ITC technique was followed
to create mixed cation perovskite single crystals in GBL and for reference MAPbI3 crystals
were also synthesized. A 1 M precursor solution comprising of Pblo, MAI, and Gual in the
molar ratios of 1: 0.8: 0.2 was used to make GuaxMA«xPbl; single crystals (for further
information, see the Experimental section), resulting in a single crystal material of the formula
Guag.o1sMAo.9s5Pbls. By dissolving one distinct crystal in 500 uL of DMSO-ds, the ratio of
organic cations integrated into the perovskite structure was measured using liquid-state 'H

NMR analysis (Fig. 3.15).

Fig. 3.15: '"H NMR spectra of MAPbI; and Guag.o1sMAgessPbls single crystals dissolved in
DMSO-de. The * peak relates to DMSO-ds and water (adapted from 2'1).
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In the GuaxMA 1 xPbl; crystal, the Gua/MA ratio was determined using the integrated values
for the amine group resonances of Gua (6.91 ppm) and MA (7.50 ppm) as following

Number of H atoms in the amine group of Gua (NHz)3") = 6

Number of H atoms in MA (NH3") =3

Therefore, integrated values for (NH2)3™ and (NH3") resonances in the NMR spectra are
X =[(NH2)3"/ 6] =0.03/6 = 0.005

Y =[(NH5")/3]=1/3=0.333

Now,

X 0.005
% Gua = *100=————"""—"*100= 1.5%
X+Y 0.005+0.33

0.33
*100 =————"— * 100 = 98.5%
X+Y 0.005+0.33

% MA =

From the calculated values, it was discovered that the real MA/Gua ratio was equal to
0.985:0.015 . In order to confirm these results, more crystals from the same batch were again
analyzed by the '"H NMR and all of them showed similar ratios. The reason behind this large
difference in Gua content inside the crystal and precursor solution could be due to the low
solubility of perovskite precursors in GBL, which leads to low yield during the crystallization
process. Next, in order to increase the Gua incorporation into the MAPbI3 crystals, higher
amount of Gual was taken in the precursor solution. For example, two different precursor
solution were prepared by combining Pblb, MAI, and Gual in molar ratios of 1:0.7: 0.3 and

1:0.6:0.4. Nonetheless, these solutions failed to produce any crystals.

Consequently, for further investigations of the effect of Gua incorporation, the crystals with
formula of Guag.o1sMAo.9ssPbls were utilized. XRD measurements were conducted on the
resultant crystals of MAPbI; and Guaoo1sMAo9ssPblz to verify their phase purity and
crystalline structure. The XRD patterns showed that both the samples had equivalent perovskite
crystal structure, as illustrated in Fig. 3.16 (a). The diffraction peaks centered at 14.07°, 28.1°,
and 31.8° were observed from the crystallographic planes (110), (220), and (222). The insertion
of Gua cations resulted in a modest shift of the diffraction peaks to lower angles (Fig. 3.16 (b)),

which is also consistent with the literature '°*.
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These Guao.o1sMAo.9ssPbls crystals along with MAPbI; were then sent to Dr Pankaj Yadav for
further EIS measurements. For investigating the influence of Gua cation incorporation on the
ion transport dynamics, the temperature dependent EIS studies were carried out on the single
crystalline GuaxMA 1.<Pbl; perovskite composition. It was observed that replacing some of the
MA cations with Gua decreases the activation energy for iodide ion migration as compared to
pure MAPbI;. The reason behind this lies in the lattice enlargement due to the presence of a
large Gua cation in a 3D perovskite structure, which in turn disturbs atomic interactions within
the perovskite lattice. As a result, the GuaxMAxPbl; crystals show larger hysteresis during
the J-V measurements than that observed for pure MAPDI; single crystal.

Fig. 3.16: XRD spectra of powdered MAPbI3 and Guao.o1sMAo.9ssPblz single crystals for
diffraction angle of (a) 10° — 40° and (b) 12° — 30° (adapted from 2!!).
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3.6 Conclusions

In conclusion, single crystals of pure MAPbI; and Gua incorporated MAPbI3 perovskite were
obtained following the ITC method. The thermal stability of MAPbI; crystals was confirmed
by the temperature dependent XRD measurements and UV-Vis absorption spectroscopy, which
revealed that the crystals were stable up to 363 K. The temperature and bias dependent EIS
measurements revealed that the ion density and mobility inside the MAPDbI; crystal affect the
low frequency capacitance, and the net impedance spectrum was due to the ionic capacitance
and conductivity related resistance of the crystals. It was also found that the crystals had very
low trap density. The next single crystal was synthesized by introducing Gua cation into the
MAPDI; lattice, resulting in the formation of crystals with a composition of
Guao.01sMAo.985sPbl3. XRD measurements confirmed that the lattice structure of these crystals
was similar to MAPbI3. By carrying out the EIS measurements, our collaborators showed that
the activation energy of iodide migration decreases due to the lattice enlargement after the
incorporation of Gua cation. This leads to higher hysteresis during the J-V measurements of
Guao.o1sMAo.985Pbl3 single crystals as compared to that of pure MAPbI;. These results were
significant in understanding the underlying electrical characteristics of the MAPbI; as well as
GuayMA.Pbls-type single crystal, which may be relevant in the future towards the

development of perovskite single-crystal based applications.

107

http://rcin.org.pl



Chapter 4: Engineering of Cs and
formamidinium based double cation perovskites
and their passivation for high-efficiency
mesoscopic solar cells

4.1 Introduction

The double cation lead halide perovskites based on Cs and formamidinium (FA) as A-site
cations have been widely used for the fabrication of high-performance perovskite solar cells
(PSCs). As discussed in Chapter 1, substituting some of the FA cations with Cs cations in the
FAPbI3 perovskite structure stabilizes the photoactive a-phase crystallization of FAPbI3 and
results in perovskites with a general formula of CsxFA.xPbls. In this chapter, device fabrication
of high-efficiency mesoscopic perovskite solar cells (PSCs) based on CsxFA|.xPbl; perovskite
via a modified one-step spin-coating approach is discussed. Following this simple and effective
newly developed technique, the CsxFA1xPbls perovskites were synthesized and then employed
in solar cell devices. Generally, for the synthesis of CsxFA1xPbls perovskite composition,
precursor Csl is used as the source of Cs cation (Fig. 4.1 (a)) °*. In this improved procedure,
CsCl was used as the source of Cs cation instead of Csl. When 20% of CsCl is added in the
excess amount into the equimolar solution of Pbl> and FAI and the spin-coated perovskite film
is annealed, perovskite composition of Cso2FAo.sPbls is formed. During the annealing process,
the Cs cation is introduced into the FAPbI; crystal lattice and the initially introduced Cl anion
is evaporated in the form of FACI. Remarkably, it is shown that this new approach leads to the
formation of highly uniform and high-quality films with large grains of micrometre size,
reduced non-radiative charge recombination, and longer carrier lifetimes. Next, applying this
film in the mesoporous solar cells with the device architecture of FTO/c-Ti02/m-TiO2/CsxFA1-
«Pbls/spiro-OMeTAD/Au (where ¢-TiO2 is the compact layer and m-TiO; is the mesoporous
layer) yielded a champion PCE of 20.6% and stabilized PCE of 19.85%. In the next subtask,
1- adamantylamine (ADA) and guanidinium iodide (Gual) were utilized as the passivating
agents to reduce the defects in the perovskite layer and improve the device efficiency. The

passivation by Gual resulted in the improvement of interface between the perovskite and the
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hole transporting layers, which slightly increased the open circuit voltage (Vo) and power

conversion efficiency (PCE) of devices.

4.2 Results and discussions

4.2.1 Formation of CsxFAi1xPbls perovskite films by the modified
approach

As discussed in the introduction, the conventional synthesis of CsxFA1xPblz perovskite uses
the precursor Csl to provide the Cs cation. One-step spin-coating of precursor perovskite
solution is the most commonly used method for the fabrication of perovskite films. In case of
CsxFA1xPbls perovskite, a precursor solution with Csl, FAI and Pbl: in appropriate ratios are
dissolved in the desired solvent and spin-coated on the substrate followed by thermal annealing

66.67 On the other hand, in a two-step deposition method, first a precursor solution of CsI and

Fig. 4.1: Illustration of one-step deposition methods for Cso2FAosPblz by (a) traditional
method using Csl as the source of Cs cation and (b) our modified method using CsCl as the
source of Cs cation (adapted from 2'2).
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Pbl. is spin-coated and then FAI solution is deposited on top 2'°. In this work, a modified one-
step deposition approach was devised, where CsCl was used as the source of Cs cation. The
precursor solution was prepared by dissolving FAI, Pbl,, and CsCl mixture in a molar ratio of
1:1:0.2. The perovskite film was deposited on top of the TiO> coated substrate and further
annealed at 150 °C for 30 min, yielding the perovskite layer with a composition of
Cs02FAosPbl; as illustrated in Fig. 4.1(b) (see details in the experimental section of Chapter
2). For comparison, a reference device was also fabricated, where the perovskite absorber layer
of Cso.2FAo.sPbls was spin-coated by depositing the precursor solution with FAIL Pbl,, and Csl
in molar ratio of 0.8:1:0.2 and further annealing under same conditions (Fig. 4.1(a)). From now
on, perovskite film prepared using Csl and CsCl will be termed as CsFA-I and CsFA-CI,
respectively. In case of CsFA-CI, the amount of CsCl was optimized to 20% and annealing of
these films lead to the removal of excessive amount of CI" and FA" in the form of sublimed
FACI at higher temperatures. Therefore, the final composition contained 20% of Cs cations
and 80% of FA cation. The resulting films exhibited improved morphology with large grain

sizes and reduced recombination centres and these are discussed in the following sections.

4.2.2 Properties of the resulting Cso2FAo.sPbls perovskite films

Morphological studies of the spin-coated and subsequently annealed perovskite films of CsFA-
Cl and CsFA-I were carried out by the scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The top view SEM images of CsFA-Cl and CsFA-I perovskites reveal the
high quality of films without pinholes and excellent uniformity as shown in Fig. 4.2 (a) & (b).
Additionally, it can be seen that the film based on CsFA-CI displayed larger grain size up to
~1 um as compared to the reference, which had grains of less than 500 nm. Besides, white
spots were detected in the film due to the presence of Pbl,. The AFM images (Fig. 4.2 (¢) &
(d)) also present similar information about the morphology of both the films. Larger grains
were observed in case of the CsFA-CI perovskite film as compared to that of the reference film.
Next, roughness of these films were measured by AFM and the root mean square (RMS)
surface roughness values were estimated to be 18 nm and 35 nm for CsFA-Cl and CsFA-I
films, respectively. It is also evident in the 3D AFM images (Fig. 4.2 (e) & (f)) that the surface
of reference film is rougher as compared to that based on CsFA-CI. The presence of chloride
anion in the precursor solution thus promotes the formation of smoother films with larger grain

sizes and hence improving the device performance as reported previously !4,
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(e

(f)

Fig. 4.2: Top view SEM, AFM and 3-D AFM images of perovskite films deposited on
FTO/compact TiO2/mesoporous TiOz for a-c-¢) CsFA-I and b-d-f) CsFA-CI (adapted from !2).

The crystal structure of perovskite films was studied by the powder X-ray diffraction (XRD)
measurements. Both CsFA-CI1 and CsFA-I based films were deposited and annealed at 150 °C
before recording the XRD patterns. As presented in Fig. 4.3(a), the perovskite films of
reference and CsFA-Cl showed similar crystal structures with the occurrence of XRD peaks at
similar 20 angles. The diffraction peaks for (001), (002) and (012) planes were observed at
14.07°, 28.3°, and 31.7°, respectively, indicating the formation of the stable black a-phase of
Cso2FAosPbl; perovskite. An additional peak with higher intensity in the reference sample was
observed at 12.7°, corresponding to the presence of pure Pblz in the perovskite film. This
observation also matched well with the revelation of Pbl> in the SEM images of the
corresponding perovskite film. The existence of Pbl, could be attributed to the decomposition
of perovskite at high temperature annealing 2!°. Moreover, the crystallinity of the films
prepared with CsFA-C1 was improved in comparison to that of CsFA-I based reference films,

as indicated by the enhanced intensity of XRD peaks.
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CsFA-1I #

CsFA-Cl

CsFA-1
CsFA-Cl1

Fig. 4.3: (a) XRD pattern of CsFA-I (black) and CsFA-CI (red) perovskite films on FTO
substrates (peaks marked with # corresponds to FTO). (b) UV-Vis absorption spectra of both
the films (adapted from 2!2).

The UV-Vis absorption spectra were also recorded for CsFA-Cl and CsFA-I films and similar
absorption characteristics were observed in the region from 400 nm to 850 nm (Fig. 4.3 (b)).
The absorption onset was close to 800 nm for both the perovskite films and the bandgap
calculated from the absorption onset gave a value of ~1.56 eV. The photoluminescence (PL)
spectra of the films displayed a single peak around 804 nm in both cases (Fig. 4.4 (a)). It was
observed that the intensity of PL peak was significantly increased for CsFA-CIl film as
compared to that of reference. The enhanced PL intensity indicates the reduction in non-
radiative recombination in the CsFA-Cl based perovskite film, which further leads to an

increased V. values of devices 2!°. This predicted enhancement of Vo was later confirmed
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by the J-V measurement of solar cells (discussed in Section 4.2.3). Furthermore, the charge
carrier dynamics of perovskite was studied by time resolved PL (TRPL) measurements. The
TRPL spectra showed a slower PL decay of CsFA-CIl film as compared to that of CsFA-I based
film (Fig 4.4 (b)). Estimated carrier lifetimes from these measurements were found to be 108.4
ns and 38.6 ns for CsFA-CIl and CsFA-I films, respectively. The extended carrier lifetime in
case of CsFA-Cl perovskite indicates that the addition of CsCl in the precursor solution reduces

the non-radiative recombination related to the traps and defects present in the perovskite.

Fig. 4.4: (a) PL emission spectra of CsFA-I (black) and CsFA-CI (red) perovskite films. (b)
UV-Vis absorption spectra of both the films (adapted from 2!2).

The energy levels of the perovskite materials prepared from both CsI and CsCl were analysed
by ultraviolet photoelectron spectroscopy (UPS). In case of the CsFA-CIl material, the fermi
level is shifted deeper from -4.62 eV (reference) to -4.89 eV (Fig 4.5 (a)). This shift shows that
the addition of CsCl makes the perovskite more p-type, leading to a higher electrostatic field
at the interface of perovskite and ETL and hence better charge transport. The difference
between valence band and Fermi level was calculated from the onset energy in the low binding
energy region (Fig. 4.5 (b)). A small difference was observed in the estimated valence band
values between CsFA-CI (-5.39 eV) and CsFA-I (-5.37 eV) films, which can be attributed to
the difference in the amount of FA cations present in the abovementioned perovskite
compositions. By using the calculated band gap values, the conduction band was also
determined to be -3.78 eV and -3.8 eV for CsFA-I and CsFA-CI films, respectively. The

alignment of energy levels for these two perovskite films is shown in Fig. 4.5 (c¢).
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Fig. 4.5: UPS measurements of CsFA-I (black) and CsFA-CI (red) films representing the (a)
Fermi levels and (b) difference between Fermi level and valence band. (c) band alignment of
respective films (adapted from 2!2).

4.2.3 Fabrication and characterization of Cso2FAosPbls-based
mesoscopic solar cells

In order to see the performance of solar cells based on CsFA-CI, as compared to the reference
one based on CsFA-I, the mesoscopic device architecture of glass/FTO/c-TiO2/m-
TiO2/CsxFA1.xPblz/spiro-OMeTAD/Au was adopted. As discussed in the experimental section
of Chapter 2, devices were fabricated on cleaned FTO substrates and a combination of compact
and mesoporous layer of TiO, was deposited as the ETL. Next, the perovskite precursor
solution of Cso2FAosPblz was spin-coated by both a modified as well as the traditional

approach (explained in section 4.2.1). Finally, the devices were completed by spin-coating
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spiro-OMeTAD as the HTL and gold was evaporated as the back electrode. These solar cells
were subsequently characterized by the current density-voltage (J-V) measurements.
Fig. 4.6 (a) shows the J-V curve of best solar cells fabricated from CsFA-Cl and CsFA-I
measured under AM 1.5G irradiation at 100 mWcm 2. The reference device showed the PCE
of 15.87% with a Jsc of 22.78 mA cm™, a Voc of 1.01 V, and a FF of 68.7%. However, when
the CsFA-CI perovskite active layer was employed into the device, a significantly higher
efficiency of 20.6% was achieved. As compared to the reference PCE, this was a striking
increase of ~30 %. In this case, other device parameters were also improved with a high Js of
24.1 mA cm?, a Vo of 1.10 V, and a FF of 77.6%. The performance of the best cell for CsFA-
Cl was also studied by tracking the stabilized power output at maximum power point (MPP)
for a period of 60 seconds as shown in Fig. 4.6 (b). As discussed in Chapter 1, the power output
at MPP is the product of current (Impp) and voltage (Vwmpp) and it gives the maximum power
that a solar cell can deliver. A steady-state efficiency as high as 19.85% was obtained for the
CsFA-Cl based cells, showing the high stability of devices.

Fig. 4.6: (a) J-V characteristics of champion devices based on CsFA-Cl (red) and CsFA-I
(black) perovskites (b) Maximum power point tracking of champion device for
CsFA-C12"2,

In order to check the reproducibility, several devices were fabricated for both CsFA-I and
CsFA-Cl perovskite materials. The statistical distribution of device parameters is shown in the

form of box plots in Fig. 4.7. It was found that devices showed very good reproducibility with
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the average device efficiency of 19.15 + 0.63 %. An overall improvement was observed in
every parameter as compared to the reference devices. It is well known that V. is directly
related to the recombination of mobile charge carriers at defects in the perovskite layer 2!”.
Therefore, the increase in the Vo of CsFA-CI devices, which correlated with the enhancement
of PL intensity, indicates that the defect concentrations in the perovskite layer are reduced. The

average value of all the device parameters as well as parameters for best performing cells are

listed in Table 4.1.

Fig. 4.7: Statistics of Jsc, Voc, PCE and FF for several devices made with CsFA-I and CsFA-CI
perovskites 212,
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Table 4.1: Device parameters for best performing cell and averaged values of several cells
based on CsFA-I and CsFA-CI perovskites.

Perovskite Device Jsc (mAcm?) Ve (V) FF (%) PCE (%)
Best 22.78 1.01 68.7 15.87
CsFA-I
Average 21.78+0.63 1.02+0.02 68.5+1.2 15.31+£0.37
Best 24.1 1.10 77.6 20.6
CsFA-Cl
Average 23.70+0.44 1.07+0.02 74.8+1.6 19.15+0.63

Incident photon to current efficiency (IPCE) spectrum was recorded for perovskite films, which
confirmed the improvement of external quantum efficiency for CsFA-Cl perovskite as
compared to the reference. The IPCE value at a particular wavelength is the total current that a
solar cell will generate when photons of that wavelength will be incident on it. To get the
current density (Js¢), IPCE values are integrated all over the solar spectrum. Both IPCE and
calculated current density plots are shown in Fig. 4.8. The Js value of CsFA-CI based cells
calculated from IPCE spectrum was found to be 23.70 mAcm™, which is within 2% error of

the Jsc value obtained from the J-V curve.

Fig. 4.8: IPCE spectra and calculated Js. for films made with CsFA-I (black curve) and CsFA-
Cl (red curve) perovskites 2!,
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Next, the hysteresis behaviour of devices was also studied by measuring the forward and
backward J-V scans. Hysteresis is the difference in J-V curves during backward scan from
open-circuit to short circuit conditions and forward scan from short-circuit to open circuit
conditions. As shown in Fig. 4.9, the difference in backward and forward scans is higher in
case of the CsFA-I based device as compared to that based on CsFA-CI. Due to the improved
morphology and larger grain size in case of CsFA-CI perovskite layers, the charge transfer is

better as compared to the reference films and this leads to the lower hysteresis '8,

Fig. 4.9: Backward and forward J-V scans for CsFA-CI (red curves) and CsFA-I (black curves)
perovskites based devices 2.

The hysteresis index was calculated for devices made from CsFA-Cl and CsFA-I materials by
applying the formula h = 100 x (PCEgs — PCEgrs)/ PCEgs, where PCEgs is the PCE for
backward scan and PCEgs is the PCE forward scan. These values are listed in Table 4.2 and it
can be seen that the hysteresis index of CsFA-Cl based devices is lower as compared to that of
reference devices. The CsFA-CI based cells show lower hysteresis due to the larger perovskite

grains and a reduced grain boundary, which facilitates better charge transfer.
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Table 4.2: Device parameters and hysteresis indices for CsFA-Cl and CsFA-I devices for
forward and backward JV scans at a scan rate of 200 mV/s.

Device iic:elltion Voe (V) (mA:I/s :mz) (l‘:/f) I()"CA)I;: APCE
Backward 0.99 22.94 67.9 15.57
Forward | 0.96 22.88 66.1 | 14.65 072
CSFA-I perovskite based | Backward | 1.01 22.12 67.8 | 15.36 052
Forward | 0.98 22.20 66.0 | 14.54
Backward | 0.98 22.54 672 | 14.95
Forward | 094 | 2270 | 655 [ a8 |
Backward 1.07 24.10 77.2 19.94
Forward | 1.07 24.10 749 | 1938 056
CsFA-Cl perovskite Backward | 1.06 23.79 76.5 | 19.37
based 0.59
Forward | 1.06 23.77 739 | 1878
Backward 1.04 24 .51 75.5 19.33
Foward | 104 | 2450 | B0 | w0 ] O

4.2.4 Improvement of solar cell performance by passivation of
perovskite layer

In the next sub-task, the aim was to further improve device performance by reducing the defects
in the perovskite layer. The polycrystalline film deposited by spin-coating method usually
contain large amount of defects in the form of crystallographic disorder, grain boundary
disorder or vacancy defects *®*!°. These deformities promote the non-radiative charge carrier
recombination and ion transport at the interface, leading to poor device performances.
Additionally, perovskite films with defects tend to degrade faster in the presence of moisture.
Therefore, these defects need to be mitigated in order to have better charge transport at the
interface of perovskite and HTL. One of the most common ways to reduce these defects is the
surface passivation of perovskite layer via various organic or inorganic additives, that makes
the perovskite layer less affected by external environment **!76, These additives improve the

device efficiencies by filling the vacancy defects, improving interfacial contact, improving
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band alignment, blocking humidity and gold atom from penetrating inside the perovskite layer.

or blocking the minority carriers at the interface.

In this work, two different organic additives were used for the passivation of CsFA-CI
perovskite layer: 1-adamantylamine (ADA) and guanidinium iodide (Gual). As explained in
the experimental section of Chapter 2, these compounds were dissolved in isopropyl alcohol
(IPA) in different concentrations and they were deposited on top of the CsFA-CI perovskite
layer followed by annealing at 100 °C for 10 min. To see the effect of passivation, reference
devices with only CsFA-CI layer were also fabricated for comparison. In case of ADA, three
solution concentrations of 1 mg/mL, 3 mg/mL and 5 mg/mL (ADA 1, ADA 3 and ADA 5)
were prepared and the respective devices were fabricated with a thin layer of ADA passivation
between the perovskite and spiro-OMeTAD layer. The subsequent J-V measurements of these

photovoltaic cells indicated that there was no improvement in the device efficiencies after the

Fig. 4.10: Statistics of PCE for several devices made from CsFA-Cl perovskites with
passivation of different ADA solution concentrations.

addition of ADA. Fig. 4.10 shows the PCE of several devices made for each conditions and it
can be clearly seen that all the passivated devices had lower performances than the reference
devices without passivation layer. Additionally, the efficiencies of solar cells decreased with
increasing ADA concentrations. Therefore, no further devices were fabricated with the ADA

passivation.
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Next, the molecule Gual was explored for the passivation of CsFA-CI perovskite layer. Since
the molecular weight of Gual (186.98 g/mol) is larger than the ADA (151.25 g/mol), higher
Gual solution concentrations were investigated in order to avoid the extremely diluted
solutions. Three solutions of Gual in IPA were prepared with concentrations of 3 mg/mL, 5
mg/mL, and 10 mg/mL (Gua 3, Gua 5 and Gua 10). Following the same reaction conditions as
in the case of ADA passivation, a thin passivation layer of Gua solution was deposited on top
of the perovskite layer and other layers were deposited to complete the device structure as
explained previously. These passivated devices along with the reference device without

passivation were further characterized by J-V measurements. Fig. 4.11 shows the statistics of

Fig. 4.11: Statistics of Jsc, Voc, FF and PCE for several devices made from CsFA-Cl perovskites
with passivation of different Gua solution concentrations.

device parameters of several devices made with each Gua solution as compared to the reference
devices. The passivation from 3 mg/mL Gua solution showed improvement in the Vo and PCE
as compared to the reference device. Other Gua solutions with higher concentration also

showed an increase in overall Vo of passivated devices. Vo as high as 1.12 V was obtained
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after passivation with the Gua 3 solution. The enhancement in V. is indicative of the improved
perovskite/spiro-OMeTAD interface due to the reduction in defect states. However, FF
decreased with increasing the Gua solution concentration and hence devices showed poor
performances as compared to that of the reference. The highest PCE achieved with the
passivation using 3 mg/mL Gua solution was 20.66%. In case of the passivation with Gua 10

solution, the Jsc and FF reduced drastically and hence the resulting PCE was lowest.

The IPCE measurement of devices with the Gua passivation from different solution
concentrations also showed similar characteristics. As compared to the reference, devices with
Gua 3 and Gua 5 passivation had similar external quantum efficiencies (Fig. 4.12 (a)). On the
other hand, passivation with Gua 10 solution decreased the external quantum efficiencies and
hence the Jsc values. The integrated current density plot as a function of wavelength in Fig. 4.12
(b) shows the decreasing trend in the Jsc values with increasing Gua solution concentration. The
Jsc for the reference device and devices with passivation from Gua 3 and Gua 5 solutions were
calculated to be 23.67 mA/cm? 23.72 mA/cm?, and 23.43 mA/cm?, respectively. However,

solution passivation by Gua 10 decreased Js to the lowest value of 22.89 mA/cm?.

Fig. 4.12: (a) IPCE spectra and (b) calculated Jsc of reference and passivated devices made with
CsFA-Cl perovskites

Furthermore, the effect of adding thin layer of 3mg/mL Gua solution on the CsFA-Cl
perovskite layer was studied by optical characterization techniques such as UV-Vis and steady
state PL spectroscopy. As shown in Fig. 4.13 (a), no notable difference was observed in the

absorption characteristics of reference perovskite film and passivated film by Gua 3 solution.
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The absorption onset was close to 800 nm for both the films, which means there was no change
in the bandgap. A slight change in the slope of absorption curve was observed around 550 nm
for the passivated film, which could be attributed to the formation of a 2D perovskite phase on
top of the CsFA-CI perovskite *°. Subsequently, the PL measurements of the aforementioned
perovskite films showed that the emission was significantly enhanced after the passivation
from Gua 3 solution (Fig. 4.13 (b)). This increase in the PL intensity suggests the suppression
of non-radiative recombination in the passivated perovskite film, which resulted in the increase
of Vo of passivated devices. However, a shoulder was observed in the passivated film at around
750 nm as opposed to that of the reference **. The shoulder peak can be due to the creation of
a potential 2D perovskite phase on the surface of CsFA-Cl perovskite layer and this observation

is in accordance with UV spectra of films.

Fig. 4.13: (a) UV-Vis absorption spectra and (b) PL emission of CsFA-CI perovskite film
without passivation (red curve) and passivated film with Gua 3 solution (blue curve).

4.3 Conclusions

In conclusion, high-efficiency solar cells based on double cation CsxFA.xPbl; perovskite layers
were fabricated by devising a modified one-step solution processing approach. This method
proved to be very effective for the preparation of highly uniform Cso2FAosPbls films by using
CsCl as the source of Cs cation. Upon addition of excess CsCl to the FAPbI; precursor solution,

the resultant perovskite films showed large size and high quality of grains. The improved
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crystallinity and larger grain size as compared to the reference film led to longer carrier
lifetimes. The champion solar cell device in the mesoscopic architecture showed a high-
efficiency of 20.6% with a stabilized PCE of 19.85% and a low hysteresis. Furthermore, two
organic molecular additives namely, 1-adamantylamine (ADA) and guanidinium iodide
(Gual), were investigated for the passivation of the CsFA-CI perovskite layer. While adding a
thin passivation film of ADA resulted in lower device efficiencies, the Gual layer between
perovskite layer and hole transporting layer slightly enhanced the solar cell performance. Due
to the Gual passivation, the interface improved through the reduction of defects and suppressed
non-radiative recombination, which caused slight enhancement in Vo and PCE of solar cells.
These results suggested that the newly devised solution processing method effectively
produces excellent perovskite films and passivation by Gual reduces defects in the perovskite

films, resulting into high performance mesoporous PSCs.
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Chapter 5: Interfacial engineering of ZnO
quantum dots based electron transporting layer
for high-efficiency planar perovskite solar cells

5.1 Introduction

Zinc oxide (ZnO) being an n-type semiconductor, has attracted a lot of attention in PSC
research as a replacement for the commonly used electron transporting material, TiO, !!1%120-220
as discussed in Chapter 1. Moreover, nanostructured materials of ZnO can be easily processed
at low temperatures and are thus applicable to flexible perovskite solar cell (PSC) devices
17221222 ‘yarious ZnO nanostructures such as nanoparticles, nanorods, nanotubes, and quantum
dots (QDs) have been investigated for application in PSCs '2#123223 Notably, in the case of
QDs, the electron injection is increased due to the production of multiple excitons while
absorbing UV light [18]. Additionally, the deposition of QDs results in tighter, more compact
ZnO film structures and subsequently supports the formation of unconstrained perovskite

microcrystalline layer 12127,

In this chapter, the device fabrication of high-efficiency planar PSCs based on novel ZnO QDs
is discussed. The newly developed ZnO QDs coated by the zwitterionic surfactant betaine were
utilized as the electron transporting layer (ETL) in the planar device structure, resulting in a
maximum power conversion efficiency (PCE) of 16.7%. For further improving the interface
between the ETL and the perovskite layer, passivation with various ammonium halides (NH4F,
NH4Cl, and NH4Br) was carried out. By systematically studying the effect of these additives
on device performances, it was observed that the passivation with ammonium halides leads to
a significant increase in the PCE of solar cells. They effectively improve the ZnO/perovskite
interface by reducing the non-radiative recombination that resulted in increased open-circuit
voltage. Additionally, ammonium halide passivation leads to an improved energy level
alignment between ZnO and perovskite. This band alignment caused a substantial increase of
fill factor (FF) from 71.5 % to 80.3 % in case of NH4F passivation. As a result, the best device
with NH4F passivation produced a champion efficiency of 21.9%. Remarkably, the highest
PCE of NH4F passivated device was ~31 % higher than that of the reference device without
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any passivation. The solar cells were also relatively stable, retaining ~78% of the initial

efficiency after a continuous exposure to 1 Sun illumination for 250 h.

5.2 Results and Discussions

5.2.1 Thin film formation of ZnO QDs and device fabrication of
planar PSCs

The newly developed ZnO QDs coated by the zwitterionic surfactant betaine were utilized as
the ETL in a planar device structure of FTO/ZnO/(FAPbIz)o.97(MAPbBr13)0.03/EAl/spiro-
OMeTAD/Au. The ZnO QDs were synthesized by the Ph.D. student Zygmunt Druzynski from
the Lewinski group at the Warsaw University of Technology. The as obtained microcrystalline
ZnO powder was initially dissolved in ethanol with a concentration of 5 mg/mL and sonicated
for 25-30 min as described in the experimental section of Chapter 2. Before spin-coating, the
ZnO solution was filtered to avoid any aggregates. Next, this solution was spin-coated on the
cleaned FTO substrate followed by thermal annealing at 150 °C for 30 min. Various thicknesses
of ZnO layers were formed by depositing the solution multiple times with intermediate
annealing at 150 °C for the removal of solvents. Subsequently, in order to examine the working

of devices based on these ZnO QDs as ETL, planar PSCs with a device structure of

Fig. 5.1: Statistical distribution of devices with different number of ZnO QDs layers from 5
mg/mL solution.
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FTO/ZnO/(FAPDI3)0.97(MAPbBr13)0.03/EAl/Spiro-OMeTAD/Au were fabricated. ZnO layer
was deposited as explained previously and a solution concentration of Smg/mL of the solution
was utilized. Next, the perovskite precursor solution was spin coated by one-step deposition
technique using chlorobenzene as the antisolvent, followed by annealing at 150 °C for 30-40
min (details in the experimental section of Chapter 2). After being cooled down to room
temperature, a thin passivation layer of ethylammonium iodide (EAI) was formed on top of
perovskite layer. Finally the device structure was completed by spin-coating the spiro-
OMEeTAD solution and evaporating the gold layer. These devices were then characterized by
the current density-voltage (J-V) measurements under 1 Sun illumination. The statistical
distribution of devices made with different numbers of deposited layers with 5 mg/mL ZnO
QD solution is presented in Fig. 5.1. Among these, devices with one layer of Smg/mL ZnO QD
solution showed the highest efficiency of 16.7% with a short circuit current density (Jsc) of
22.7 mA/cm?, a fill factor (FF) of 71.5% and an open circuit voltage (Vo) of 1.03 V. Films
with multiple layers of ZnO QD solution produced lower efficiency devices. Therefore, one

layer of Smg/mL ZnO solution was employed for further optimization of devices.

5.2.2 Introduction of ammonium halides between the ZnO and
perovskite layer and respective device properties

As explained in Section 1.7 of Chapter 1, the PSCs based on ZnO ETL are susceptible to
degradation due to the surface defects and chemical instability of ZnO. Therefore, a lot of
efforts are being made to passivate the interface between the ZnO layer and perovskite for the
improvement of the photovoltaic performance of planar PSCs. A previous work has shown the
use of quaternary ammonium halides for the passivation of defects and trap states present on
the surface of metal halide perovskites 2>*. Due to the chemical structure of NR™X", where R
is an alkyl or aryl group and X is a halide, they effectively passivate both positively and
negatively charged defects through quaternary ammonium and halide ions. For the effective
passivation of ZnO/perovskite interface, amine halides have also been utilized as an additive
225226 n another report, ammonium fluoride was used as the surface passivation agent of SnO»-
based ETL in the planar PSC ??’. The authors showed that the ammonium fluoride reduced the
surface defect sites and adjusted the Fermi energy level of SnO,, leading to enhanced
photovoltaic efficiencies. Therefore, in next sub-task, the aim was to investigate several
ammonium halides (NH4F, NH4Cl, and NH4Br) as passivation agents between the ZnO QDs

ETL and perovskite layer for improving the device performance.
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To see the effect of introducing ammonium halides at the interface of ZnO/perovskites, two
strategies were followed: 1) mixing of ammonium halides with 5 mg/mL ZnO solution and
subsequent film deposition and 2) post treatment surface passivation of ZnO films by
ammonium halide solution. Three concentrations (1, 3, and 5 mg/mL) of NH4F, NH4Cl, and
NH4Br solution were investigated in each case of passivation. In the first strategy, the solutions
were prepared by adding appropriate amounts of ZnO QDs and NH4X together in ethanol (for
details, see the experimental section of Chapter 2). This solution was filtered and then spin
coated on the cleaned FTO substrate and annealed at 150 °C for removing the solvent. After
depositing the perovskite, spiro-OMeTAD, and Au layers, the device performances were
analysed by the J-V measurements. For comparison, reference devices containing ZnO layer
without any passivation were also fabricated and characterized. It was found that among all the
passivation solutions explored, the highest PCEs were achieved with the films of mixed ZnO
QDs (5mg/mL) and NH4F (1 mg/mL), ZnO QDs (5mg/mL) and NH4ClI (3 mg/mL), and ZnO
QDs (5mg/mL) and NH4Br (1 mg/mL), respectively. The highest efficiency of 19.2 % was
achieved with NH4F, 18.6 % with NH4Cl, and 18.1 % with NH4Br additions. The J-V
characteristics of devices with mixed ammonium halides and ZnO QDs are shown in Fig. 5.2
(a). These results showed that mixing the passivating agents with ETL resulted into an overall
increase in the device performance. In the second strategy of passivation, a thin passivation
layer of ammonium halide solution (in DI water) was deposited on the surface of the ZnO QDs
layer. Again three concentrations (1, 3 and 5 mg/mL) of each ammonium halides were
investigated as in the case of mixing during the first strategy. After the deposition of
ammonium halides as a surface passivation layer on top of ZnO, subsequent annealing was also
carried out at 150 °C. The device structure was completed by deposition of other layers and the
J-V characteristics of devices were recorded. Correspondingly control devices without
passivation were also fabricated and characterized for comparison. The J-V measurements
showed a significant improvement in device performance from the second approach as
compared to that of the first strategy. A champion PCE of 21.9% was achieved in case of NH4F
with the second strategy of post treatment passivation. It was a remarkable ~ 31% increase of
PCE relative to the reference device without passivation. The NH4F passivated device showed
highest increase in case of FF (from 71.5 to 80.3%) and a slight increase in Voc was also
observed, pointing toward the improvement of ZnO/perovskite interface. NH4Cl and NH4Br

passivation also resulted into the improvement of device performances with the best PCEs of
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20.8% and 20.1%, respectively. The device parameters for champion cells made from the

second strategy without and with different passivation are listed in Table 1.

Fig. 5.2: J-V characteristics of devices (a) with mixed ammonium halides in ZnO solution (b)
with ammonium halides post treatment passivation of ZnO layer.

Table 1: Device parameters for best performing cell with and without post treatment NH4X
passivation.

Device Jsc (mAcm?) Voe (V) FF (%) PCE (%)
Control (ZnO) 22.7 1.03 71.5 16.7
ZnO/NH4F 25.0 1.09 80.3 21.9
ZnO/NH4Cl1 24.4 1.10 77.4 20.8
ZnO/NH4Br 24.4 1.08 76.4 20.1

Fig 5.2 (b) shows the J-V characteristics of devices with passivation as compared to the control
device without passivation. Since the second strategy of post treatment passivation produced
the best results, only devices and films made from this strategy were further investigated. PSCs
are known to be prone to hysteresis and PCE is susceptible to scan direction in the J-V

measurements. The origin of hysteresis might be due to the perovskite's unique interactions
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with ambient moisture, resulting in freely migrating species in addition to inherent point
defects *7. Hence, in order to check the hysteresis behaviour, forward and backward scans were
performed for the passivated devices. As shown in Fig. 5.3 (a-c), the device with NH4F
passivation displayed the least hysteresis and the device with NH4Br passivation displayed the
largest hysteresis in J-V scan. The lower hysteresis in the first case could be attributed to the

better charge transfer due to the improved ZnO/perovskite interface.

Fig. 5.3: Forward and backward scans of devices with the post treatment passivation of (a)
NH4F (b) NH4Cl and (c) NH4Br.

The high performance of solar cell devices was also verified by measuring the scan independent
power output at maximum power point (MPP) under 1 Sun illumination. While monitoring the
efficiency for 60 s, a steady state efficiency of 20.8%, 19.3%, and 17.5% was obtained for
passivated devices with NH4F, NH4Cl, and NH4Br, respectively (Fig 5.4).

Fig. 5.4: Stabilized PCE of passivated devices monitored at MPP for 60 s.
130

http://rcin.org.pl



The consistency of device performances was next examined by fabricating several devices in
the same conditions and they were analysed by measuring the J-V curves. Statistical
distribution of the device parameters for several devices made for each condition is presented
in Fig 5.5. It was observed that the reproducibility of solar cells increases after the addition of
passivation layer of NH4X on top of ZnO QDs layer, as indicated by lesser variations in the
PCE of passivated devices. As compared to the control devices, the average FF, Vo, and Js are
higher in the passivated devices. Interestingly, the highest increase was observed in the FF,
signifying the improved interface between ETL and perovskite layer. The average Voc of
devices after passivation was also increased slightly relative to the control devices. During
these J-V characterization of devices with post treatment passivation, it was realized that NH4F
passivation consistently produced best results as compared to other two ammonium halides,
therefore, further detailed analysis was carried out only for films and devices with NH4F

passivation.

Fig 5.5: Statistical distribution of Jsc, Vo, FF and PCE for devices fabricated with post
treatment passivation of for each condition.
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5.2.3 Film properties and device stability studies after ammonium
fluoride passivation

The crystal structure of perovskite films was studied by the X-ray diffraction (XRD)
measurements for both control perovskite film and perovskite film with the underlying Zno
layer with NH4F passivation. The XRD patterns shown in Fig. 5.6 indicate that the crystal
structure of perovskite remains the same after the incorporation of passivation layer
underneath. Both the films show characteristic peaks at 13.6°, 24°, and 27.8° corresponding to
the (110), (202), and (220) crystallographic planes of (FAPbI3)0.97(MAPbBr3)0.03 perovskite
phase. The presence of XRD peaks at same 20 angles show that the crystal structure of
perovskite remained unaltered after the passivation. Appearance of a small peak at 12.3°
corresponds to the existence of unreacted Pbl>, which could be due to the presence of excess

Pbl; in the perovskite composition.

Fig. 5.6: XRD patterns of perovskite layer with underlying ZnO layer with and without NH4F
passivation.

The morphological study of the perovskite films was carried out by scanning electron
microscopy (SEM). The images in Fig. 5.7 (a-b) show the formation of smooth perovskite films
without pinholes. The bright areas seen on the surface is due to the presence of trace amount
of Pbl, as also confirmed by the XRD measurements. Both control and passivated films had
similar morphologies with grain sizes of the order of few hundred nanometres up to a

micrometre. The similarity in morphology is in well accordance with the XRD results, which
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indicates that the passivation layer beneath does not affect the perovskite crystal structure as
well as the morphology of the film. The cross sectional SEM images of reference and
passivated devices (with NH4F) are also shown in Fig. 5.7 (c-d) where different layers can be

easily seen.

Fig. 5.7: SEM images of perovskite layer with underlying (a) ZnO, (b) ZnO/NH4F. Cross
sectional image of (c) reference device and (d) device with NH4F passivation.

In order to understand the charge transfer and surface recombination at the interface of
ETL/perovskite, the steady state photoluminescence (PL) measurement was carried out. The
PL intensity of perovskite films deposited on top of ZnO layer with and without NH4F
passivation (average of two films for the same conditions) is shown in Fig. 5.8. A strong
emission was observed at ~791 nm for both the films. Additionally, it is well evident that there
is a significant increases in the PL intensity after the surface passivation of ZnO QDs layer by
NH4F, suggesting the suppression of non-radiative recombination and passivation of defects.
It has also been observed that the local bonding of the FAI terminated surface of the perovskite
layer is altered by establishing a hydrogen bond between the closely present F~ and FA®
ions 228, Incorporation of F ions also helps to maintain the local structure by raising the ionic

charge on the surrounding Pb site. Through strong ionic interactions, these ions minimize the
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losses caused by charge recombination. This observation also validates the improved V. of

devices after passivation.

Fig. 5.8: Steady state PL of perovskite films with underlying ZnO layer with and without NH4F
passivation (average of two films for each condition).

The detailed analysis of recombination dynamics at the ZnO/perovskite interface was carried
out by transient photoluminescence (TRPL) studies. Typically, the carrier lifetime depends on
the density of traps or defects present inside the semiconducting materials. In the region from
100 nm to 600 nm of the TRPL curve, the decay is generally dominated by non-radiative
recombination. Hence, by fitting the TRPL decay curve in this region (Fig. 5.9) with
monoexponential function, the control device exhibited an average carrier lifetime (of 2
devices) of 350 + 40 ns and after the passivation with NH4F, the carrier lifetime increased to
470 + 140 ns. This enhancement in charge carrier lifetime after NH4F passivation is indicative
of reduced non-radiative recombination, which matches well with the trend observed in the PL
measurements. Additionally, it shows that the films have lower trap state density, which
implies the recombination of charge carriers takes longer time. Another possibility of reduction
in the defects states could be due to the zwitterionic capping of ZnO QDs. The presence of
betaine containing both negatively charged and positively charged groups on the surface of

ZnO could also assist in passivation of ionic defects present in the perovskite.
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Fig. 5.9: TRPL decay curves of perovskite films with underlying ZnO layer with and without
NH4F passivation (average of two films for each condition).

The optical bandgap of ZnO QDs was calculated from the absorption spectra (Fig. 5.10) which
gave a value of 3.35 eV. Next, in order to evaluate the band structure of the ZnO films with
and without NH4F passivation in more detail, ultraviolet photoelectron spectrometer (UPS)

measurements were carried out for these films.
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Fig. 5.10: UV-Vis absorption spectra of ZnO QDs.
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Fig. 5.11 (a-b) shows the kinetic energy and binding energy of the ZnO films with and without
passivation. The valence band energy level of the films were calculated from the onset of
valence band maxima in the region of low binding energy giving a value of -7.02 eV and -7.14
eV for control ZnO and ZnO/NH4F films respectively. Similarly, the Fermi levels were
estimated from the onset of kinetic energy of electron (Fig. 5.11 (a)) resulting into values of -
3.73 eV and -3.85 eV for control film and films with NH4F passivation. The corresponding
conduction band energy levels were -3.67 eV and -3.79 eV. Schematics of band alignment of
ZnO layers with and without passivation is shown in Fig. 5.11 (c). It can be seen from these

values that passivation with ammonium halide downshifts the Fermi energy level with a shift

Fig. 5.11: UPS measurements of ZnO films with and without NH4X passivation showing their
(a) fermi levels and (b) valence band maximum. (¢) Schematic of corresponding energy levels
of respective films.
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of ~0.12 eV. This shift in the Fermi energy levels suggests that band bending at the
ZnO/perovskite interface can be modulated by the addition of ammonium halide. In case of
control device, the conduction band is at higher energy level, which presents a barrier to the
electron transfer from the perovskite layer and results into a low FF. However, when the ZnO
layer is passivated with NH4F, the conduction band is shifted to lower energy values and
electron transfer is promoted. As a result of better energy level alignment, the charge transfer
improves between the ZnO and perovskite layers, resulting into significant increase in the FF
after passivation. This indicates that electron transfer from perovskite to the electron
transporting layer is much easier in case of ZnO/NH4F which leads to higher FF and better

device efficiency as compared to the reference.

The operational stability of the unencapsulated control and best device with NH4F passivation
was measured in the nitrogen atmosphere. At room temperature, the devices were constantly
illuminated under 1 Sun. After 250 h of measurement, the control device degrades significantly
and reached an efficiency of ~42 % of its initial value (Fig. 5.12). However, the device
passivated with NH4F showed improved operational stability and retained ~78% of the initial
PCE after 250 h of measurement. This showed that both efficiency and stability of devices

were improved after the passivation with NH4F.

Fig. 5.12: Operational stability measurement of solar cells without the passivation (black) and
with NH4F passivation (blue).
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5.3 Conclusions

In conclusion, the use of novel ZnO QDs capped with zwitterionic surfactant betaine has been
shown as an efficient electron transporting layer in the planar perovskite solar cell structure.
By using only ZnO QDs as the ETL, a maximum efficiency of 16.7% was achieved for the
PSCs. The presence of defects on the surface of ZnO and the degradation of perovskite by
reacting with ZnO limits the efficiency of ZnO-based PSCs. Therefore, several ammonium
halides (NH4F, NH4Cl, and NH4Br) were explored as passivation agents for the ZnO QDs layer
to improve the performance of planar PSCs. Further, it was shown that the addition of
ammonium halides as the passivation layer significantly improves the efficiency up to 21.9%
in case of NH4F. X-ray diffraction patterns and scanning electron microscopy images showed
that the passivation does not affect the crystal structure and morphology of the perovskite layer.
The steady state photoluminescence and transient photoluminescence spectra revealed that the
ammonium halides passivation resulted into reduction of non-radiative recombination and
hence improvement in V.. Ultraviolet photoelectron spectroscopy indicated the shift of energy
levels of ZnO QDs layer after passivation, facilitating better charge transport from perovskite
to ETL and led to a significant improvement of FF up to 80.3% in case of NH4F passivation.
These results suggested that modified ZnO QDs with betaine capping and ammonium halide

passivation act as an excellent ETL for high-efficiency planar perovskite solar cells.
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Chapter 6: Conclusions and future outlook

Hybrid organic-inorganic metal halide perovskites have emerged as a fascinating photovoltaic
material in the past decade. These materials possess extraordinary optical and electrical
properties, which make them suitable for multiple applications ranging from photodetectors,
light-emitting diodes, sensors, X-ray detectors to solar cells. The perovskites exhibit excellent
photoconversion efficiency, high absorption coefficient, long diffusion lengths and long
lifetimes of charge carriers, low trap densities, and low cost of starting materials. Owing to
these properties, they have been utilized for photoelectric conversion in solar cells and
produced remarkable power conversion efficiencies. In addition to the excellent performance,
the easy and low-cost processing of perovskite photovoltaic technology presents an enormous
commercialization potential. However, there are several issues that need to be addressed before
bringing this technology to market. One of the issues is that the most widely adopted wet
chemical solution processing approach for the synthesis of perovskites requires dissolving
perovskite precursors in a solvent. The commonly used solvents limit the precursor solubility,
change the compositional stoichiometry of precursor solution during the long storage period,
require more energy for the solvothermal conditions and they are not environmentally friendly.
In particular, pure phase 2D perovskites, which are more stable than their 3D counterparts,
have largely been synthesized by the solution processing methods. Another issue is producing
3D perovskite compositions with an optimal band gap, decent thermal stability, and brilliant
optoelectronic properties, suitable for high-efficiency PSCs. Reducing the high-temperature
processing for commonly used ETL in the PSCs in order to reduce the overall production cost
is another challenge that researchers are facing. Many attempts have previously been made
either to enhance the material characteristics or improve the quality of deposited perovskite
films or other layers of solar cell devices in order to achieve high-efficiency and stability.
However, there is still a need to develop high-quality, stable materials using synthetic

technologies that are environmentally benign and can be used on a wide scale.

The investigations in this thesis were aimed at various aspects of perovskite research including
the engineering of perovskite materials and their application to solar cells. In particular, the
research work was focused on synthesizing 2D perovskites using an efficient and environment-
friendly mechanochemical approach, better understanding the properties of perovskite single
crystals, improving the 3D CsxFA1xPblz-type perovskite layer for fabricating high-efficiency

mesoscopic solar cells. The inherent innovative part concerned the interfacial engineering of a
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novel ZnO quantum dots(QD) based electron transporting layer towards fabricating high-

efficiency planar perovskite solar cells.

In order to achieve the aforementioned goals, several approaches were followed. In the first
part of the research, the focus was on the development of 2D Ruddlesden-popper layered
perovskite with a general formula of A2MA,-1Pbalzn+1 by following the highly efficient solvent-
free mechanochemical approach. Using this synthetic method, three different potential spacer
cations (A-site cation) viz., n-butylammonium (BA), 2-phenylethylammonium (PEA), and 2H-
pyrimido[1,2-a]pyrimidine-1,3,4,6,7,8-hexahydro-hydroiodide as a cyclic guanidinium (c-
Gua) were explored. The PXRD data revealed the successful formation of pure phase 2D
perovskite materials for n=1, 2, and 3 Ruddlesden-popper phases in the case of the BA cation.
When the PEA cation was used as the spacer cation, pure 2D perovskites were obtained for the
n=1 phase and mixed-phase perovskite materials were obtained for n=2 & 3 layered structures.
Nevertheless, the c-Gua cation could not be incorporated into the 2D layered Ruddlesden-
popper structures and resulted in non-perovskite materials. Next, UV-Vis absorption
spectroscopy confirmed the decreasing bandgap of 2D perovskite materials prepared with BA
and PEA with an increasing value of n. The purity and local molecular structure of these
materials was confirmed by the solid-state NMR measurements. These results are in

preparation for publication.

The Guanidinium (Gua) cation can be used to replace some of the A-site MA™ cations for
increasing the performance of MAPbls.based PSCs. However, it has been reported that the
incorporation of Gua cation increases the hysteresis of devices and an understanding of ion
migration is required to explain this behavior. Therefore in the next task, perovskite single
crystals were synthesized in order to understand the electronic properties of single cation and
double cation perovskites. MAPbIz and GuaxMA«Pbl; single crystals were synthesized from
the inverse temperature crystallization method. The temperature dependant powder XRD
measurements revealed the stability of MAPDI; single crystals up to a temperature of 363 K.
Also, it was found that GuaxMA |.xPbls perovskite had a similar crystal structure and bandgap
as compared to that of MAPbIs. Further EIS measurements by our collaborators indicated that
MAPDI; crystals had very low trap density and the net impedance spectrum of this perovskite
material was due to the ionic capacitance and conductivity-related resistance. The effect of Gua
incorporation in the MAPbDI; crystal lattice on ion migration was also studied by our
collaborators. It was found that the activation energy of iodide migration decreases in the

GuaxMA | «Pbl; crystals due to the expansion of lattice, which further leads to the increased
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hysteresis during the J-V measurements of these crystals as compared to that of pristine
MAPDI;. These results were published in J. Phys. Chem. C 2020, 124, 6 and Phys. Chem.
Chem. Phys., 2020,22, 11467-11473.

The next task focused on the fabrication of high-efficiency mesoscopic solar cells based on a
3D double cation perovskite system with the general formula of CsxFAiPbls. By using a
newly developed solution processing approach, thin films of Cso2FAo sPbl; were deposited and
later employed in the mesoscopic solar cells with an architecture of FTO/c-TiO2/m-TiO2/
Cs02FAosPbls/spiro-OMeTAD/Au. In this modified one-step solution processing approach,
CsCl was used in the precursor solution as the source of Cs cation. The resulting 3D perovskite
composition, when deposited by the spin-coating method, produced a highly uniform and
smooth perovskite layer with large grains up to a micrometre in size. The highest PCE obtained
with Cso2FAosPbls perovskite based mesoscopic devices was as high as 20.6% with a
stabilized PCE of 19.85%. Additionally, the devices showed low hysteresis and suppressed
non-radiative recombination. Further, two organic additives 1- adamantylamine (ADA) and
guanidinium iodide (Gual) were used for the passivation of the perovskite layer to reduce the
defects. Among these two agents, Gual showed a slight enhancement of device parameters. A

part of these results was published in Chem. Mater. 2019, 31, 5, 1620-1627.

The most commonly explored electron transport material for high-efficiency PSC, TiO2, needs
high-temperature processing and ZnO has emerged as an exciting alternative in recent years.
Hence, the next highly innovative research step was devoted to using a novel ZnO quantum
dot (QD) capped with betaine as the zwitterions in the planar PSC. When a layer of ZnO QDs
was employed as the electron transporting layer in the solar cell with an architecture of
FTO/ZnO/(FAPbI3)0.97(MAPDbBr3)0.03/EAl/spiro-OMeTAD/Au, efficiency up to 16.7% could
be achieved. In order to further improve the ZnO/perovskite interface, several ammonium
halide (NH4F, NH4Cl, and NH4Br) additives were introduced as passivation agents. As a result,
the band alignment between the ZnO/perovskite was improved and non-radiative
recombinations were reduced. The maximum increase was observed in the case of FF of the
device, which increased significantly from 71.5% for the reference device to 80.3% for NH4F
passivated device. The best device with NH4F passivation exhibited a champion PCE of 21.9%,
which is a remarkable increase of ~ 31% from the reference device. The passivate solar cells
were also stable up to 250 h of constant 1 Sun illumination, retaining ~78% of the initial PCE.

These results contributed to a manuscript submitted in a highly ranked journal.
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The research outcomes presented in this thesis focused on several aspects of perovskite
research and gave insights into both the development of synthesis methods and the
understanding inherent properties of the resulting materials. Furthermore, the fabrication of
high-performance PSCs in the mesoporous architecture based on double cation perovskite
composition as well as in the planar architecture with a novel ZnO QD-based ETL was also
elaborately discussed. However, there are several questions that are still needed to be answered

and to be researched upon

1) How to use solvent-free mechanochemistry for producing large amounts of pure phase
perovskites and utilize the mechanochemically synthesized materials directly for the
fabrication of PSCs?

2) How to utilize 2D perovskite efficiently to achieve more stable PSC devices?

3) How to further improve the efficiency and stability of ZnO-based devices?

4) How to retain the high efficiencies along with the stability of Pb-based PSCs by using
proper passivating agents?

5) How to scale the device fabrication processes to large-areas without compromising the
power conversion efficiencies for industrial applications?

6) How to properly encapsulate and device a recycling mechanism of the Pb-based PSCs

for environmental safety?
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