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R&umeée

Hormis D’énergie nucléaire et géothermique, le soleil est a 1’origine de la
quasi-totalité des sources d’énergie renouvelables et fossiles utilisées par 1’humanité
pour ses besoins alimentaires, domestiques et industriels. Cette energie provient de la
réction de fusion des noyaux d'hydrogene en une réction en chame continue
produisant des noyaux d'h&ium. Ceci entrame une I&é&e perte de masse qui se
convertit en éergie - moitiésous forme de lumiée, moitiésous forme de particules
appelées neutrinos. Cette énergie inéuisable est la plus abondante et prometteuse
pour la transition énergéique.

Le photovolta®jue (PV) (la conversion de I’énergie solaire en @ectricitd a connu
des progres continus depuis les annés 50 avec le déreloppement des cellules au
silicium cristallin, des cellules en couches minces, et, plus ré&emment, des cellules
solaires acolorant et organiques. La derniee famille de cellules solaires PV apparue
est basée sur des composé semiconducteurs halogénés de structure pé&ovskite. Ces
composés ont un caracté&e hybride organigque-inorganique et ont pour formule
géné&ale ABX3, X étant un halogénure et B 1’ion plomb. Ce sont des semiconducteurs
fortement absorbant dans le domaine du proche UV-visible. ils possélent une bande
interdite de transition directe qui peut &re modulé dans une large gamme en ajustant
la composition de la pé&ovskite. Ces cellules utilisent aussi des contacts solides de
part et d’autre de la pérovskite, un contact capte les trous photogén&é et un oxyde
semiconducteur de type n (typiqguement TiO,) capte les &ectrons. Le rendement de
photoconversion des cellules solaires apé&ovskites (PSC) a connu une augmentation
hors-norme depuis leur apparition il y a quelques années, passant de 3,8% a22,7%.

Dans cette these, nous nous sommes appliqgué aoptimiser la couche bloquante
des trous (BL) de TiO, et a développer des pé&ovskites a cations monovalents
multiples (A dans ABX3) pour I’application. Nous avons finalement obtenu des PSC
trés stables, reproductibles et de tres haut rendement de photoconversion.

Le Chapitre 1 est une revue bibliographique de diffé&entes technologies de

cellules solaires, des composants des cellules de type PSC ainsi que des principales



techniques de caracté&isation des cellules photovolta'fjues.

Dans le Chapitre 2, nous avons éudi€ les paramétres qui rendent les couches
bloguantes de TiO, efficaces. Plusieurs BLs ont é&é& préparées par la technique de
pyrolyse-spray et par spin-coating. Nous avons trouve que les premiees éaient
minces, trés compactes et parfaitement couvrantes. Par spectroscopie Raman, nous
avons montré qu’elles étaient constituées d’anatase pure et la voltamétrie cyclique a
montré qu’elles étaient parfaitement bloquantes. Les couches préarées par
spin-coating étaient poreuses, contenaient des craquelures et des trous et n’étaient pas
compléement bloquantes. De plus elles éaient moins cristallisées que celles
préareées par pyrolyse spray et contenaient de la phase rutile. Nous avons aussi utilisé
la spectroscopie d’impédance pour étudier les différents phénomenes de transfert et
d’accumulation de charges se déoulant dans le dispositif sous e€lairement et
comment ils sont influencés par la BL.

Dans le chapitre 3, nous avons éudi€le phéomene de cristallisation spontaneée
de la pé&ovskite FAMA (FAos7MA 13Pb(lo.s7Bro17)3 avec FA le cation formamidinium
et MA le action methylammonium) par le contrde de la concentration de
supersaturation de la solution de pré&urseur. Nous avons développédeux types de
d&@as de la pé&ovskite, le déa direct et la technique de dép& achaud (hot-casting).
La technique de dépo6t direct sans étape d’induction de la cristallisation par
@outtement par un anti-solvant a permis d’obtenir une phase o pure. Elle pourrait
permettre 1’obtention des films homogeénes sur une large surface. La technique de
hot-casting a permis d’obtenir des couches denses, formées de gros grains et de phase
a pure. Ces couches présentaient beaucoup moins de joints de grains ce qui devrait
permettre de limiter fortement leur effet néfaste de recombinaison de charges.
Cependant, ces couches présentaient des cr&es qui sont a 1’origine de défauts et de
propriéé&s photovoltafjues déevantes. Nous avons enfin éudi€la préaration de la
pérovskite FAMA par la technique d’égouttement (dripping) d’un antisolvant pour
induire la crystallisation et finalement obtenir des dispositifs PV trés performants et
reproductibles. L’étude de 30 cellules a donné les parametre PV moyens suivants @ Vo

= 1104 mV, Js = 23.16 mA/cm?, et FF = 78%, soit un rendement de photoconversion



moyen (PCE) de 19.8%.

De plus, nous avons mené une ¢étude détaillée de I’extraction de charge par les
couches adjacentes en utilisant les techniques de mesure de de&lin de
photoluminescence (PL) (technique TCSPC) et de spectres de PL stationnaires. Nous
avons montré que le temps de vie des porteurs de charges et donc le temps
d’extraction dépend de la pérovskite et de la couche d’oxyde. La structure planaire
TiOz-compact conduit a un trasfert d’électrons peu rapide et est donc peu efficace.
D’un autre coté, la structure TiO,-compact/mesoporeuse/PCBM est beaucoup plus
efficace et permet de géné&er un photocourant beaucoup plus éeveé Il existe donc une
marge d’amélioration pour les dispositifs du coté de cette couche qui collecte et
transporte les éectrons.

Dans le chapitre 4, nous avons étudié 1’ajout de 5% de cation cesium (Cs") dans
la structure pé&ovskite FAMA. Nous avons éudié les premieres éapes de la
nucléation et montré que 1’ajout de Cs favorise la nucléation hétérogene. Ce
changement de composition diminue 1’éergie de cristallisation. La pré&ence de Cs
améliore la pureté de la pérovskite et favorise I’obtention de la phase a. Nous avons
montréque cette grande puretéaméiore la stabilit€éde la pé&ovskite dans le temps et
en tempé&ature. Nous avons proposeéun meéeanisme diffé&ent de photoluminescence de
la pé&ovskite en presence de Cs. De plus, nous avons aussi testécette pé&ovskite a
triple cation monovalent avec la couche d’extraction électronique
TiO,-compact/mesoporeuse/PCBM. Avec cette configuration, les cellules ont atteint
un J. trés devéde 24.61 mA/cm?

Finalement, nous avons obtenu des dispositifs de rendement trés deves,
reproductible et stable avec la pé&ovskite Cs5SFAMA. Pour les cellules record, nous
avons mesuré: Voo = 1104 mV, Jic =24.19 mA/cm?, et FF = 77.4%, soit un PCE de
20.67 %. Le suivi sur 5 minutes de la puissance maximale délivrée a donné un
rendement stable de 20.6%. Les paraméres photovoltatjues moyens mesurés pour 40
cellules &aient de Vo = 1106 mV, Js. = 23.84 mA/cm?, FF = 76%, donnant un PCE de
20.2 %.



Abstract

In sun, hydrogen and helium be lighted to generate atomic nuclei combine and release
heavier energy by fusion reaction. Human beings never give up grabbing renewable
energy from sun. Photovoltaic devices always deem the best candidate for a
renewable energy.

Since the 50’s, photovoltaics is a field in continuous development, from the earlier
developed crystalline silicon to thin film solar cells, and then to the more recent
dye-sensitized solar cells (DSSCs) and organic solar cells. Recently, a new family of
very promising solar cells, derived from DSSCs, appeared based on new absorber
materials, the hybrid perovskites (HPs). In perovskite solar cells (PSCs), organic and
inorganic hybrid perovskites with a general formula ABXjsreplaces the pigment in
DSSCs, and exhibits an extremely high optical absorption coefficient and a tunable
band gap via composition change. Meanwhile, to improve the device stability,
traditional liquid electrolyte is replaced by a solid state hole transporting materials
(HTM). Based on these advanced improvements, the power conversion efficiency
(PCE) of PSC has rapid increased from 3.8% to certified 22.7% within a few years.

In this thesis, we have optimized the TiO, hole blocking layer (BL) and we have
investigated multiple monovalent cation (A in ABX3) perovskite compounds for PSC
application. Finally we realized a series of stable, reproducible and highly efficient
PSCs.

Chapter 1 is a bibliographic review of solar cells and PSC components as well as a
description of the main techniques employed for the device characterizations. In the
chapter 2, we have investigated the key parameters that render the TiO, BL efficient in
PSCs. Several BLs have been prepared using the aerosol spray pyrolysis and the
spin-coating techniques. We found that the sprayed BLs present thin, highly compact,
full-covering characters. They exhibited the pure anatase phase characters by Raman
spectroscopy, and realized perfectly blocking effect via cyclic voltammetry. On the
other hand, the spin-coated layers were porous, contained cracks and pinholes and

were not fully blocking. They were less crystallized than the sprayed layers. Besides,



we developed the use of the impedance spectroscopy technique to investigate the
various processes taking place in the cells under illumination and how they are
influenced by the BL.

In the chapter 3, we have investigated the promotion of spontaneous crystallization
and growth of FAMA (FA.s7sMAg 13Pb(lp.87Bro.17)3 with FA the formamidinium cation
and MA the methylammonium one) perovskite by the control the supersaturation
concentration of the precursor solution. We developed two kinds of perovskite
deposited techniques, the simply direct film-forming and the hot-casting method. The
direct film-forming without dripping process realized high purity perovskite a-phase
and could be used for deposition at the large scale. The hot-casting technology
realized a dense, big-grain, and pure phase perovskite layer, in order to further
decrease grain boundaries and eliminate its detrimental effect on the charge carriers
recombinations. Due to the morphological ridge structures of the hot-casted
perovskite, these layers did not demonstrate excellent photovoltaic properties. Then
we adopted an anti-solvent dripping step to trigger crystallization and finally realized
high efficiency and highly reproducible perovskite photovoltaic devices. The
investigation of 30 FAMA photovoltaic devices exhibited the following average
photovoltaic parameters; Vo = 1104 mV, Js. = 23.16 mA/cm?, and FF = 78%, from
which it resulted an average power conversion efficiency (PCE) of 19.8%.

In addition, we have carried out a detailed investigation of the charge extraction for
the various layers by time-resolved photoluminescence (TCSPC technique) and
steady-state photoluminescence (PL) spectroscopy. We obtained reasonable
conclusions about the effect of the perovskite composition on the charge carrier
injection Kinetics and separation. We explained that the planar structure of
TiO,-compact ETL usually not attain excellent photovoltaic properties due to slow
charges injection. We found that the TiO,-compact/mesoporous/PCBM ETL achieved
much more efficient electron injection. Then we concluded that the finding of a new
electron transport material that could improve electron injection could breakthrough a
new solar cells record.

In the chapter 4, we have thoroughly investigated the effect of adding 5% of cesium



cation (Cs") into the dual cation FAMA perovskite. Our analysis of the early stage
nucleation kinetics before heating treatment has shown that the addition of Cs
promotes the heterogeneous nucleation compared to FAMA. It indicated that the
crystallization Gibbs free energy of the system was decreased. The XRD patterns
comparison between CS5FAMA and FAMA perovskite showed that the Cs cation
introduction into the perovskite matrix reduces the possibility of phase segregation
and promotes the purity of the photoactive black a-phase. The higher phase purity
further prevents perovskite phase decomposition under the high temperature
operational conditions. It is a key element to make sure that solar cells can operate in
a stable manner. Based on energy band theory, we propose a photoluminescence
mechanism for Cs5FAMA and predict that Cs5FAMA belongs to direct
semiconductors. In addition, we designed a new electron extraction layer of
TiO,-compact/mesoporous/PCBM, this configuration cells achieved a very high Js of
24.61 mA/cm?,

Finally, we achieved high efficiency, reproducible, and stable devices with CSSFAMA
perovskite. These photovoltaic devices exhibited at best an open circuit voltage Vo =
1104 mV, a short circuit current Js. =24.19 mA/cm?, and a fill factor FF = 77.4%,
resulting in a PCE of 20.67 %. The maximum power point tracking for 5 minutes of
the cells produced a steady-state PCE of 20.6%. The average photovoltaic parameters
were Vo, = 1106 mV, Jg = 23.84 mA/cm?, FF = 76%, and PCE of 20.2 % for 40 piece

of independent devices.
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General introduction

The sun is a huge ball of very hot gas, mostly composed of hydrogen and helium,
which supplies a huge, continuous, renewable and cheap energy to the earth. Human
beings never give up grabbing renewable energy from sun. In photovoltaic devices,
this energy can be converted into electricity that can be conveniently employed and
stored.

Since the 50’s, photovoltaics is a field in continuous development, from the first
developed crystalline silicon to thin film solar cells, and then to the more recent
dye-sensitized solar cells (DSSCs) and organic solar cells. Recently, a new family of
very promising solar cells, derived from DSSCs, appeared based on new absorber
materials, the hybrid (organic and inorganic) perovskites (HPs). In perovskite solar
cells (PSCs), compounds with a general formula ABX; replaces the pigment in DSSCs,
and exhibits an extremely high optical absorption coefficient and a tunable bandgap
via composition change. Meanwhile, to improve the device stability, traditional liquid
electrolyte is replaced by a solid-state hole transporting material (HTM). Based on
these advanced improvements, the power conversion efficiency (PCE) of PSCs has
steadily and rapidly increased from 3.8% to certified 22.7% within a few years.

In this thesis, we have optimized the TiO, hole blocking layer (BL) and we have
investigated multiple monovalent cation (A in ABX3) perovskite compounds for PSC
application. Finally we realized a series of stable, reproducible and highly efficient
PSCs.

Chapter 1 is a bibliographic review of solar cells and PSC components, as well as a
description of the main techniques employed for the device characterizations. In
addition, we further introduce perovskite solar cells development and revolution in the
past few years, including the progress achieved in the various functional layers, cells
structure, and some other hot-point studies of PSCs.

In Chapter 2, we will develop our study on the key parameters that render the TiO,



blocking layer (BL) efficient in PSCs. Several BLs have been prepared using the
aerosol spray pyrolysis and the spin-coating techniques. Besides, we develop the use
of the impedance spectroscopy technique to investigate the various processes taking
place in the cells under illumination and how they are influenced by the BL. The
optimal TiO, blocking layer was employed to get relatively high efficiency
CH3NH3Pbl; photovoltaic devices.

In Chapter 3 we will develop two kinds of perovskite deposition techniques avoiding
a dripping step: the simple direct film-forming and the hot-casting methods. The
direct film-forming without dripping process could be used for deposition at the large
scale. The hot-casting technology realized a dense, big-grain, and pure phase
perovskite layer. In this Chapter 3 we investigate the promotion of spontaneous
crystallization and growth of FAMA (FAos3MAg17Pb(logsBroi7)s (with FA the
formamidinium cation and MA the methylammonium one) perovskite by the control
the supersaturation concentration of the precursor solution. In the last section, we will
adopt an anti-solvent dripping step to trigger crystallization and finally realize high
efficiency perovskite photovoltaic devices.

In Chapter 4, the effect of adding 5% of Cs cation into the dual cations FAMA
perovskite will be studied. We will analyze the early period nucleation Kinetic of these
materials before heating treatment, and discuss mixed-phases (other non-photoactive
phases) that affect both FAMA and Cs5FAMA perovskite solar cells. Undesired
mixed-phases in the FAMA perovskite will be identified. We will study the
photoluminescence mechanism in FAMA and Cs5FAMA and study the charge
injection to the adjacent charge collecting layers. Based on these fundamental data,
high efficiency, reproducible, and stable devices with CsSSFAMA perovskite will be
prepared.

Finally, we will provide a general conclusion of this work and give some perspectives.



Chapter 1 Context

1.1 Introduction

1.1.1 Solar energy

The sun is a huge ball of very hot gas, mostly composed of hydrogen and helium. The
two light hydrogen nuclei combine to produce a fusion reaction which releases a
helium nuclei and energy due to a slight mass loss. E = A mc? “A tiny loss of mass
produces a huge liberation of energy” making our earth so wonderful and
unbelievable. Without the sun, there would be no life on earth. We depend on the sun
for obtaining energy all the time.

The traditional source of energy is coming from fossil fuels. At the same time, a mass
combustion brings the terrible environmental damages, the particles matter (PM 2.5)
increasing in air[1] and global warming caused by the continuous increasing of CO; in
the atmosphere.[2] In addition the globe energy crisis problem is coming, lacking of
fossil fuel will be more and more prominent as time goes on.[3]

Therefore, the sustainable and renewable energies such as wind, photovoltaics,
hydropower and others will play an increasing role in the future. The report
‘Renewable Energy Capacity Statistics 2015’ released by the International Renewable
Energy Agency, provides the most comprehensive, up-to-date information on
renewable energy capacity around the world (see Figure 1.1).[4] It presents trends in
the development of the renewable energy sector, noting that over 100 GW of new

renewable power capacity has been added every year since 2011.
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Figure 1.1 Renewable power capacity and cumulative capacity, from the
report Renewable Energy Capacity Statistics 2015 by International Renewable Energy
Agency (IRENA).

1.1.2 Standard solar spectral irradiance

The actual solar spectrum received by a photovoltaic device will vary due to the
weather, season, time of day and location. Therefore, the standard spectra are defined
to allow the performance comparison of photovoltaic devices from different
manufactures and research laboratories.

The spectra are standardized by the American Society of Testing and Materials Group
(ASTMG). Figure 1.2 provides three main standardized spectra.[5] The standard
spectrum for space applications is referred to as Air Mass zero (AMO0), based on
ASTM standard E 490. It has an integrated power of 1366.1 W/m?. Due to the
absorption and scattering when sunlight passes through the atmosphere, the solar
spectral irradiance is decreased. Two standards are defined for terrestrial use, based on
ASTM standard G173-03. The AM1.5 Global spectrum is designed for flat plate
modules and has an integrated power of 1000 W/m? (100 mW/cm?). The AM1.5
Direct (circumsolar) spectrum is defined for solar concentrator work. It includes the
direct beam from the sun plus the circumsolar component in a 2.5 degrees disk around
the sun. The direct plus circumsolar spectrum has an integrated power density of 900

W/m?,



Since perovskite photovoltaic devices aim at being used on earth and without
concentration, the cells prepared during this thesis were measured under standard

AML1.5 G solar illumination.
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Figure 1.2 Reference solar irradiation spectra according to the standards by the

American Society of Testing and Materials.

1.2 Several kinds of photovoltaic solar cells

Photovoltaic solar cells are harvest sunlight devices which can absorb sunlight energy
and convert it to electrical energy. Generally speaking, sunlight excites charge carriers
or excitons in the corresponding absorber materials, the charge carriers are then
separated to achieve the accumulation of electrons on one side and holes on the other
side, then the charges are separated to produce a current.

Depending on the absorber materials, photovoltaic solar cells are divided into various
technologies such as silicon solar cells [6, 7], dye-sensitized solar cells[8, 9], organic
solar cells (such as polymer solar cells)[10, 11]. The perovskite solar cells, based on

hybrid perovskite absorber materials, are newcomers and the most advanced
5



promising technology.[12] In the following, we will introduce several main families

of photovoltaic devices.

1.2.1 Silicon solar cells

The first generation of photovoltaic solar cells is mainly based on crystalline silicon
solar cells. It represents the main photovoltaic products on the commercial market at
present (more than 90% of the market share).[13] However, the growth of crystalline
silicon requires a high temperature melting which increases their fabrication cost and
requires high energy consumption.[14] Therefore silicon solar cells have long period
of cost recovery time. Fortunately, the silicon photovoltaic material is very stable and
can be productive for several decades lasting periods.

Silicon solar cells are based on a p-n homojunction which produces a built-in electric
field. It is noteworthy that the p-n homojunction is a characteristic for silicon solar
cells, which is different to the dye-sensitizer solar and perovskite solar cells discussed
in the following.

The understanding of the charge carrier separation and functioning mechanism is very
necessary. The silicon absorber can be produced as two types of semiconductor
materials, p-type and n-type, depending on doping. When the silicon lattices are
doped by boron (or by another element of the group I11 column of the periodic table),
this element traps the free electrons and release free holes leading to an excess of
mobile holes. The semiconductor is then p-type doped. Similarly when silicon lattices
are doped by phosphorus (or another element of the group V column), valence
electrons have the tendency to be release and the concentration of mobile electrons
increases, the semiconductor (SC) is n-type (see Figure 1.3a). All the excess charges
are free to move around randomly. When two types semiconductors are contacted
each other, a p-n junction is formed. Due to the opposite charges attract each other,
excess electrons in the n-type will flow into the p-type to recombine with excess holes,
resulting in the electron-hole neutralize and effectively vanish. Similarly, holes also

can flow toward the n-type semiconductor (Figure 1.3b). Consequently, electrons and
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holes randomly defuse and neutralize continuously at the p-n junction. The total
number of mobile charges decreases continuously near the p-n junction. It results in a
strong built-in electric field (i.e. a space charge region (SCR) where the charges are
exhausted) and the charges diffusion process will be stopped (Figure 1.3c). Under
sunlight irradiation, electron of silicon is excited near the SCR, produces a hole and
starts to move randomly (Figure 1.3d). Due to the presence a strong built electric field
in the SCR, the electron will only randomly diffuse in the n-type zone while the hole
will drift in the SCR (Figure 3e). Finally, the charge carriers separation is realized. In
the closed circuit, the electrons will travel through the external wire and finally reach
the p-type zone where they will combine with holes and finally generate a continuous
current in the external circuit.
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Figure 1. 3 Silicon solar cells operating mechanism. (a) Silicon materials doping to
form p-type and n-type semiconductor. (b) p-n junction formation. (c) Formation of
the built-in electric field. (d) A pair of electron-hole formation after sunlight

irradiation. (e) Realized charge carriers separation and current generation.



1.2.2 Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs) are photoelectrochemical cells that have gained a
widespread attention because of low-cost production.[15] It is based on a junction
formed between a photo-sensitized anode and an electrolyte forming a
photoelectrochemical system. The first low cost, high-efficiency dye-sensitized solar
cell was reported in 1991 by M. Gré&zel’s group.[16] At present, the highest efficiency
lies around 13% (11.9% for a certified cell). It has been achieved by using a
porphyrin-sensitizer and a liquid electrolyte.[17] Although the liquid electrolyte
presents a serious challenge for making DSSCs useable for very long time without
degradation, this technology presents a good performance/price ratio that could allow
DSSCs to compete with crystalline silicon solar cells by grid parity.[18]

Generally speaking, a typical Dye-sensitized solar cell includes a titanium dioxide
nanoparticles photo-anode sensitized to solar light by a dye, an opposite electrode and
an electrolyte containing a redox couple system and additives.[19, 20] The specific

DSSC photovoltaic device architecture is shown in Figure 1.4.[21]
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Figure 1. 4 Device architecture of a typical liquid dye-sensitized solar cell.[21]



In here, with the help of Figure 1.5, we explain the DSSCs operation mechanism in
detail. It will help following discussions on perovskite solar cells [22] because the
first perovskite solar cells were derived from traditional DSSCs.

Charge carriers generation processes: At the beginning, the incident photons are

absorbed by the dye-sensitizers anchored onto TiO, nanoparticle film. Generally, a
Ru-complex photosensitizer (N719) is used as the dye. [23, 24] The photosensitizers
are excited under sunlight, the electrons are excited form the ground state (S) to the
excited state (S*). At the same time, the electric charge is transferred to the TiO, wide

bandgap oxide and it results in the oxidation of the photosensitizer (S¥).
hv

S —* S*

Tio2
S * St

Electrons diffusion processes: The electrons, injected into the conduction band of
TiO,, are transported by diffusion between the TiO, nanoparticles toward the
transparent conducting oxide (TCO) front contact. Finally, the electrons reach the
counter-electrode (CE) through the external circuit.

Electrolyte redox reaction: The oxidized photosensitizer (S*) accepts electron from the

I ion redox mediator leading to regeneration of the ground state (S), and two | ions

are oxidized to elementary iodine which reacts with I to the oxidized state I3 .
S'+e — S
The oxidized redox mediator, l1; diffuses toward the counter electrode and then it is
reduced to I ions.
I3 +26 — 31
It is noteworthy that just electrons are transported by diffusion mechanisms in

dye-sensitized solar cell. The photogenerated electrons pass through the external

circuit and flow into electrolyte where the redox reaction occurs.
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Figure 1. 5 Dye-sensitized solar cell device working mechanism.[22]

1.3 Perovskite solar cells

1.3.1 Developing of Perovskite solar cells

As discussed above, silicon solar cell has a p-n junction to form a built-in electric
field. This electric potential field allows an effective separation of electrons and holes.
In the DSSCs, a liquid electrolyte is used as a redox system. However, this electrolyte
can be replaced by a solid hole transporting material (HTM), and covered a top metal
counter electrode to constitute a solid-state dye-sensitized solar cells (ssDSSCs). In
addition, the dye-sensitizer (such as the N719 dye and other pigments) can be
replaced by a new inorganic and organic hybrid lead trihalide material (i.e. perovskite)
to constitute a new family of solar cells. These photovoltaic devices are called
perovskite solar cells (PSCs). Therefore the perovskite solar cells are derived from the
DSSCs. However, further studies showed that the mesoporous TiO; has to be quite
thin (several hundred nm) and the perovskite layer had to be quite thick (several
hundred nanometers) for getting record efficiencies. Moreover, earlier studies showed
that the mesoporous TiO, layer could be replaced by a mesoporous layer made of
insulating ZrO,. It has been also shown that planar architectures, without mesoporous
TiO; layer can work very effectively, just by using a compact thin TiO, layer, or better,

by using a compact SnO, layer.
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The perovskite solar cells have attracted a widespread attention in recently years. The
power conversion efficiency of these devices has followed an unprecedented rapid
rise from 3.8% to 22.7% within a few years. Figure 1.6 shows the evolution of the
certified record for single junction perovskite solar cells which achieved a 22.7%
efficiency in 2017. The rapid development of perovskite solar cells promote to form a
independent solar cell branch—perovskite solar cell. The correlative mechanism,
theory, and a series of new materials are developing, and the perovskite solar cell is
the most cutting-edge research in photovoltaic field, which enforced power
conversion efficiency (PCE) rapidly increasing just in the past several years (see

Figure 1.7).
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Figure 1.6 Chart of perovskite solar cell efficiency records by the National

Renewable Energy Laboratory (NREL).[25]
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Figure 1.7 Performance evolution chart of the best certified research cell efficiencies

as published by NREL.[25]

1.3.2 The perovskite component

Historically, the term perovskite was used to describe the materials with the same type
of crystal structure as calcium titanium oxide (CaTiO3), which was discovered in 1839
by the mineralogist Gustav Rose (named perovskite in honor of the Russian
mineralogist Lev Alexegvitch Perovski).[26] However, the discovery of organometal
halide perovskite, mixing both organic and inorganic components by D. Weber is
much more recent (1978).[27, 28] Their chemistry and descriptions have been then
developed by several groups, in particular by D.B. Mitzi and co-workers.[29, 30]
Depending on their structure, one can distinguish the 3D and 2D halide perovskite
compounds. Most of them are direct bandgap semiconductors with a high light
absorption coefficient.

The 3-dimensions organic-inorganic hybrid perovskite material has an ABXj; structure,
where A is typically an organic cation (methylammonium, MA"; formamidinium, FA")
but can also be the cesium cation (Cs™). A is 12-fold cuboctahedral coordinated to X

anions. B is a divalent metal cation B (Pb?*, Sn**, Ge?*), and X is an anion (CI, Br’, I).

13




The ideal cubic-symmetry perovskite structure has the B cation in 6 fold coordination,
surrounded by the BXg octahedron anions, and BXg octahedron are corner-connected
to form a three dimensional framework (see Figure 1.8). Due to the presence of a
rather big space in the center of the cubic perovskite structure, small organic cations
can fill the formed cage. The most miraculous is that, when the various A cations are
adopted, it can distort the perovskite crystal structure and further induces many
physical and chemistry properties. Especially, the electronic, magnetic,
ferrimagnetism, and ferroelectric properties of the material [31] depend on the details
of these distortions, which are important for the application of perovskite material.[32,
33]

In the photovoltaic field, organic-inorganic hybrid perovskite is easy to synthesize at
low temperature by processes using solutions. Perovskite have strong panchromatic
absorption of sunlight especially in the visible-light wavelength. In addition,
perovskite are direct semiconductors with a tunable energy bandgap between 1.2 eV
to 2.2 eV by adjusted chemical compositions engineering. Low exciton binding
energy is approximate10 meV and long charge carrier diffusion length is around 1 pm,
especially in single crystals, which is guaranteed that charge carries can be effective
separated. And their charges mobilities are roughly 10 cm®vs™. These unique
photophysical and optoelectronic properties explain why perovskite solar cells
achieved very high power conversion efficiency, low-costing and convenient

fabrication.

Figure 1. 8 Ball and stick model of generic ABXzperovskite structure.[34]
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1.3.3 Structure of perovskite solar cells

If the initial structure of the PSC was based on DSSCs (using a liquid electrolyte and
perovskite nanocrystals for sensitization), the major breakthroughs in the field were
realized in 2012 when a solid HTM (typically Spiro-OMeTAD) was employed to
replace the liquid electrolyte (in which the perovskite is dissolved, making the devices
unstable) and with the use of rather thick perovskite layers of typically 400 nm
thickness.[35] With the development of perovskite solar cells (PSCs), the device
structure and configuration also presents a series of evolution and change. For
example, the inverted structure PSCs [36, 37, 38], planar PSCs [39, 40], and
mesoscopic PSCs [12, 41, 42] have been developed in parallel. In the inverted
structure devices, the hole extracting layer is deposited on ITO substrate, the electron
extraction layer is prepared on top of the perovskite layer and the back contact is
deposited on this layer. It is completely the opposite to the ‘normal’ or standard PSCs
structure. Very recently, an inverted structure device has been reported to achieve an
efficiency above 20%.[43]

In here, we mainly introduce the ‘normal’ or standard perovskite solar cell structure.
As shown in Figure 1.9, these PSCs consist in an electron transporting layer
(including a compact hole blocking and a mesoporous layer), a perovskite layer, a
hole transporting layer, and a metal back-contact electrode. The energy levels
matching for the various functional layers will decide the device structure and the

final efficiency.

Metal electrode
HTL (Spiro-OMeTAD)

Spiro-MeOTAD

Perovskite Perovskite
TiO, porous layer

TiO, Compact layer
FTO Glass
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Figure 1.9 Standard structure of perovskite solar cells and functional layer assemblies
(the left schematic). Cross section SEM image of a standard perovskite solar cells
(right image). The insets are pictures of FAMA and Cs5FAMA —based perovskite

solar cells.

1.3.3.1 The electron transport layer

In order to prevent charge carriers recombination on transparent conducting oxide
(TCO), one must first avoid the direct contact between the F-doped tin oxide (FTO)
and the perovskite. Therefore, a dense metal oxide hole blocking layer is deposited
that must completely covers the FTO surface. In addition, through the energy levels
matching between the compact metal oxide and the perovskite, promoted electrons
must be rapidly injected into the metal oxide conduction band from perovskite.
Generally speaking, the electron transporting layer (ETL) of high efficiency PSCs
consists in a bilayer structure: a compact layer capped by a mesoporous layer (see
Figure 1.9). In the chapter 3 and 4, we will show that, in the case of TiO,, a double
layer ETL can extract more efficiently the photogenerated electrons.

Several techniques have been developed to fabricate the metal oxide ETL. Aerosol
spray pyrolysis and spin-coating are the most commonly techniques used.[35][44] The
typical thickness of a blocking layer ranges between 20 and 100 nm, which can be
controlled by the concentration of the precursor solution and the spin-coating time.[45]
The mesoporous TiO, layers are prepared from a nanoparticle solution at the accurate
concentration, spin-coated on top of the hole blocking layer. In the Chapter 2, we will
detail various techniques and precursor solutions for the preparation of the TiO, hole

blocking layer in PSCs and their effect on the cell performances and functioning.

1.3.3.2 The perovskite layer

Absorber materials for the solar light harvesting must have a broad and strong

absorbance over the visible to near infrared region of the solar spectrum. Shockley
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Queisser efficiency limit theory gives maximum efficiency at the band gap of 1.34
eV.[46]

These bandgap values determine the strength of electrical field which is related to the
open circuit voltage of the solar cell. When the bandgap value is too low, a wider solar
spectrum will be covered and this absorber material will collect extra current by
absorbing more photons. However, it also results in a smaller voltage. On the other
hand, a larger bandgap value will generate a lower current (due to a narrower
absorption wavelength range for light) and a higher voltage. In this case, to balancing
these two effects, the optimal band gap for a single junction solar cell is between
about 1.4-1.5 eV.[47]

The organic-inorganic hybrid perovskites have attracted a widespread attention,
because their optical bandgap can be varied by changing the A cation, the metal cation
and/or the halide anion.

The bandgap of traditional perovskites such as CH3NH3Pblz and CH3NH3Pbls.<Cly
usually used in the literature, is 1.58 eV[47, 48] and 1.55 eV[49], respectively. Later,
some research groups found that pure formanidinium (FAPbI3) perovskite also
achieved 14.2% efficiency for a bandgap of 1.48 eV.[47] In addition, one cation that
has recently attracted much attention in mixed cation perovskite is the inorganic
cesium (Cs") which ionic radius is 1.81 A [50, 51]. It is considerably smaller than
MA®* (2.70 A) or FA" (2.79 A).[52] In the FACso.1Pbls perovskite, FA is partially
replaced by Cs*, the device PCE was enhanced to 16.5%.[53] Michael Saliba et al.
found that the completely inorganic of CsPblz perovskite can be crystallized at high
temperature and with a bandgap at around 1.73 eV.[54] Finally the a-CsPbl; (PSCs)
displayed an highly reproducible efficiency of 11.8%.[55]

Concerning the influence of the metal cation, taking the example of AMI3; (M=Sn, Pb),
the band gap of ASnl; (1.20 eV) is lower than that of APDbl; (1.58 eV).[56]
Researchers have investigated the influence of the halide anion, the mixed-halide
(11xBrx) composition also adjusted perovskite bandgap value from 1.48 to 2.3 eV in
FAPb(11.4Br,).[67]

Recently, the MA/FA mixtures demonstrates that a small amount of MA is already
17



sufficient to induce a preferable crystallization into the photoactive phase of FA
perovskite resulting in a more thermally and structurally stable composition than the
pure MA or FA compounds.[58, 59] This illustrates that MA can be thought as a
“crystallizer” of the black phase FA perovskite.[50, 60, 61, 62] We found the MA/FA
mixed perovskite is a research hot spot, because it presents excellent properties and
PCE record.[54, 59, 60, 61]

Many deposition techniques of perovskite layers have been developed in the literature.
The common film deposition methods are so called one-step precursor solution
depositions [63] and the two-step sequential deposition method.[44] Besides, several
groups have developed the vacuum-assisted method[64], the hot-casting method [37]
and the anti-solvent methods [65, 66]. It is noteworthy that anti-solvent dripping
treatment is successfully used to trigger perovskite crystallization. S. Paek et al.
studied the effect of various anti-solvents on perovskite crystallization.[67] The
dual-source vapor deposition method permits to prepare an extremely uniform
perovskite layer. An efficiency of 15.4% was reported by Liu et al.[68] Y. Yang’s
group reported a low-temperature vapor-assisted solution process to get perovskite
film with full surface coverage, and finally achieved a PCE of 12.1%.[40] Michael
Gréazel’s group adopted a vacuum flash-assisted solution process for the perovskite

layer preparation and attained high certified PCE of 19.6%.[69]

1.3.3.3 The hole transporting layer

The hole transporting layer (HTL) is another key components in perovskite solar cells.
It is used to extract holes and inject holes into the back contact in PSCs. Various
materials have been explored as HTM, ranging from low HOMO molecular[70],
polymers[71, 72] and inorganic component such as Cul [73] or CuSCN[74]. In a
typical perovskite solar cell, the most commonly used hole transporting material
(HTM) is  2,2°,7,7’-tetrakis-N,N-di(4-methoxyphenyl)amine-9,9’-spirobifluorene
(noted Spiro-OMeTAD). The molecular structure of Spiro-OMeTAD is depicted in
Figure 1.10. Spiro-OMeTAD is an amorphous organic p-type semiconductor with a
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large bandgap (at about 3.0 eV). This compound has a hole mobility in the range of 1
x 10° to 1 x 10 em® V! s as reported in the literature.[75, 76] The advantage of
spiro-OMeTAD is its good ability to pore filling due to the high solubility in toluene

and chlorobenzene organic solvents.
MeQ

MeO

spiro-OMeTAD

Figure 1. 10 Molecular structure of
2,2°,7,7’-tetrakis-N,N-di(4-methoxyphenyl)amine-9,9’-spirobifluorene
(Spiro-MeOTAD), utilized as HTM in PSCs.

Pristine spiro-OMeTAD has high resistivity. Therefore, non-doped Spiro-OMeTAD
HTM usually cannot achieve high efficiency. Generally speaking, several additives
are added to Spiro-OMeTAD solution to improve its rapid holes transporting
properties. The common additives are: 4-tert-butylpyridine (TBP), lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) attributed, and
tris(2—1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(I11)-tris(bis-(trifluoromethylsulfo
nyl)imide) (a cobalt complex which directly oxidizes the Spiro-OMeTAD). However,
these additives into HTM bring some problems to PSCs. Especially, the
4-tert-butylpyridine (TBP) and Li complex chemicals could react with the counter
electrode.[77, 78] In addition, some researchers think that the Spiro-OMeTAD
dopants can diffuse into the metal electrode causing irreversible degradation.[79, 80]

Therefore, some researchers turn to studying new HTM materials. For example, Yi

Hou et al. reported that using Ta-WOx/conjugated polymer PDCBT in the hole
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extraction layer realizes high efficiency and stable working PSCs.[81] Besides, Neha
Arora et al. reported that using configuration of CuSCN/graphene oxide HTL allows
the achievement of high efficiency, around 20%, and that the PSCs retain > 95% of
their initial efficiency after a 1000 hour of functioning.[82] It is observed that

Spiro-OMeTAD maybe not the best candidate for HTM in PSCs.
1.3.3.4 The back contract electrode

The back contact electrode of PSCs usually use silver or gold thin film formed by the
thermal evaporation technique. Silver is more used than gold, due to a lower cost.
However, the gold back electrode can supply a suitable work function, which
promotes the achievement of a high voltage for photovoltaic devices. Compared to the
expensive silver and gold contacts, the low-cost carbon materials have attracted some
attention especially with the layer preparation by screen printable deposition
techniques.[41] Moreover, the carbon layer can work as a water repellent layer to

protect the cell from water, and improves the stability of PSCs devices.[83] [84]

1.4 Characterization and analysis of Perovskite solar cells

1.4.1 Solar cell’s characterization

Current-Voltage (J-V curves) characteristics

The solar cells were measured under a one sun illumination provided by a solar
simulator (Abet Technology Sun 2000) using a 150 W xenon light source. The light
intensity was calibrated with a Si photodiode. Current-voltage characteristics of the
cells were obtained by applying an external voltage bias while measuring the current
response with a digital sourcemeter (Keithley 2410). The voltage scan rate was 25 mV
s and no device preconditioning, such as light soaking or extended forward voltage
biasing in the dark, was applied before starting the measurement. The cells were
masked with metal mask (0.076 cm?) to fix the active area and reduce the influence of

the scattered light. The metal mask was calibrated by using an optical microscope
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which has permitted to precisely measure the mask active area at 0.076 cm®. The
incident light intensity was adjusted to 1000 W/m? in accordance with standard AM

1.5G specrum (see Figure 1.2) by using a calibrated silicon solar cell.

Stabilized power output and stability measurements

Steady-state power output and stability of solar cells were performed with a Princeton
Applied Research (EGG 273A model) potentiostat under the same solar simulator
with standard AM 1.5G illumination. The devices were masked (0.076 cm?) under the
normal ambient atmosphere. After the opening of the shutter of the solar simulator,
the devices were measured with a maximum power point (MPP) tracking routine,
under the monitored potentiostat. 30 tracking points were recorded in 60 s. For
stabilized power output experiments, the measurement time was 60 s. For

photovoltaic devices stability experiments, the measurement time was 300 s.

External quantum efficiency (EQE)

In order to determine the ratio of collected charge to the incident photons, the external
quantum efficiency was introduced. The devices were measured with a QuantX-300
apparatus from Newport Corporation equipped with a monochromator and a 150 W
xenon lamp. The light beam was chopped at 25 Hz and the wavelength measurement

ranged from 300 nm to 900 nm.

Impedance spectroscopy

The impedance spectra were measured at room temperature, between 600 kHz
and 30 mHz, using a PGSTAT 30 apparatus from Autolab. All the measured cells
had the same contact geometries. The alternating current (AC) signal was 20
mV. All the impedance spectra were measured at room temperature, over a
large potential range (typically from OV to 1V), both in the dark and under a ~1
sun light power provided by a halogen Schott lamp. These spectra were

analyzed using the Z-view software from National Instrument.
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1.4.2 Materials characterization in PSC

X-ray power diffraction

The various pristine perovskite films were measured by an X’Pert Pro diffractometer
(Malvern Pananalytical) equipped with ceramic copper anode tube (CuK,, A = 1.5406
A). Diffraction patterns were collected for 15 min. The measurements were performed

in Bragg-Brentano geometry 26 =8 to 80

Field emission scanning electron microscope (FE-SEM)

Scanning electron microscopy (SEM) was performed on a high-resolution scanning
electron microscope (ZEISS Merlin). Secondary electron images were acquired with
an EDX detector. Reflecting back scatting electron images were obtained with RBSE

detector by split screen technology.

Steady-state photoluminescence spectrum measurements

Photoluminescence spectra were recorded by exciting the perovskite films deposited
on various extraction layers at 460 nm with a standard 450-W Xenon CW lamp. The
signal was obtained on a spectrofluorometer (Fluorolog FL1065, Horiba Jobin Yvon
Technology) in the 620 nm to 850 nm range. The samples were mounted at 60<and

the emission recorded at 90 =from the incident beam path.

Time-resolved photoluminescence decay spectrum measurements (with single-photon

counting, TCSPC technique)

The PL decay experiments were performed under microscope observation (numerical
aperture 0.7). The sample was excited by a 470 nm diode laser (Picoquant). The
emission was filtered by a 488-nm longpass filter. The emission signal was analyzed
by a PerkinElmer SPCM avalanche photodiode combined with a Picoharp acquisition
card (500 ps characteristic time of the total system response function) used with the

laser in a pulsed mode at a 0.14 W excitation power (pulse duration 70 ps).
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Steady-state absorbance spectrum measurements (with time increasing absorbance

dynamic spectrum)

The absorption spectra (specular component) of the various layers were measured by
a Varian Cary 5000 UV-Vis-NIR spectrophotometer.

For the study of perovskite nucleation kinetics in Chapter 4, the mesoporous TiO;
layer were deposited on FTO glasses and infiltrated with perovskite precursor solution
by spin-coating. Immediately, the sample was mounted into a special sample holder,
and then the anti-solvent was rapidly injected on perovskite precursor film. The film
optical absorption was then monitored at 495 ~ 500 nm wavelengths, and absorbance

points were recorded by every single 6 second.

Optical microscopy

Electronic optical microscopy was employed to precisely measure the metal mask

surface area to obtain the accurate illuminated solar cell area.
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Chapter 2. TiO, electron transport layer (ETL)
Optimization and achievement of high efficiency
MAPI perovskite solar cells by two-step deposition
method.

2.1 Introduction

Solar cells based on hybrid organic-inorganic perovskite absorbers have emerged as
the most promising photovoltaic devices. They combine high power conversion
efficiency, inexpensive starting materials and chemicals and rather simple fabrication
procedures.[1-12] These devices have attracted a tremendous and continuously
increasing attention from the scientific community and has become a viable
competitor to conventional silicon photovoltaic devices. In perovskite solar cells
(PSC), hybrid perovskite compounds, typically methylammonium lead iodide
(CH3NH3Pbl; or MAPDI3), which are direct bandgap semiconductors, are used as
solar light absorbers to generate excitons.[1,2] The charge extraction and collection
are obtained by contacting the perovskite layers with two adjacent phases with
appropriate band structures and energy levels.[8-10] The electron transport material
(ETM) extracts and transports the photogenerated electrons and blocks the hole
transfer. On the other side, the hole transporting material (HTM) layer permits the
separation and transport of photogenerated holes whereas the electron transfer is
blocked. The characteristics of these adjacent layers are keys for an efficient
functioning of the PSCs.

Highly efficient PSCs require the limitation of parasitic recombination reactions,
especially at the perovskite/transparent conducting oxide (TCO) thin film interface.
An indispensable part of PSC is the thin and compact layer deposited on TCO,
simultaneously acting as electron extraction contact and hole blocking layer
(BL).[8,14-21] Generally speaking, the BL must be thin, pinhole-free, crack-free,

electrically conductive, transparent to the visible and near-infrared light and
32



conformal covering the TCO layer. The lack of pinholes and cracks in BL is critical to
improve the hole blocking capability. TiO, conducting oxide, as a wide bandgap
n-type semiconductor, is the most common ETM used as hole BL in PSC due to low
cost, high stability and appropriate band structure. Many techniques have been
reported in the literature to prepare TiO, BLs such as spray pyrolysis,[18]
spin-coating,[14,15] magnetron sputtering,[18,19] atomic layer deposition (ALD),[20]
electrochemical deposition [21] and so on. Although some group’s PSCs already
achieved relative high efficiency, the BL related problems still remain poorly
understood. Therefore, we deeply investigated how various TiO, blocking layers
affect the performances and functioning of MAPDI; perovskite solar cells. In this
chapter, these BLs were prepared by spray pyrolysis and traditional spin-coating

technology.

2.2 Experiments

The F-doped tin oxide coated glass (TEC7, Pilkington) was cut, and etched patterned
using HCI 10% and Zn powder. They were then cleaned by using a concentrated 2.5
mol.L™* NaOH solution, rinsed with water, clean with a detergent, rinsed with MilliQ
water and dried with compressed air. The substrates were then annealed 30 min at
500<C.

Four different kinds of blocking layers were investigated. BL-S was prepared by an
aerosol spray pyrolysis technology. A precursor solution was prepared by mixing 0.6
mL of titanium isopropoxide, 0.4 mL of acetyl acetone in 7 mL of isopropanol. The
substrate was placed on a hotplate at 455<C for 20<C prior to start the spraying. And
then the TiO, deposited layer was annealed at 455<C for 20 min. Three different
precursor solutions were investigated for the preparation of BLs by spin-coating. For
BL-H, 0.8 ml of titanium isopropoxide (TTIP) was mixed to 50 uL of HCI 37% in 4
mL of ethanol. For BL-A, 0.45 mL TTIP, 0.15 mL acetic acid in 6mL ethanol.[15] For
BL-P, the solution was a mixture of 100 upL titanium diisopropoxide-bis

acetylacetonate (same precursor as for BL-S) and 70 pL isopropanol. A 50 uL of these
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solutions was deposited on the substrate, spin-coated at 4000 rpm for 35 s and then
placed on a hot-plate at 60 <T for 10 min. In all cases, the layers were finally annealed
at 500C for 30 min. The mesoporous TiO, layer was prepared by diluting the
NR30-D paste from Dyesol with ethanol (1:10 mass ratio). 50 uL of the solution was
deposited on the blocking layer and spin-coated 20 s at 5000 rpm. The layer was then
dried on a hotplate at 100<C for 10 min and subsequently annealed at 500<C for 30
min.

The CH3NH3Pbl; (MAPI) layer was prepared using a 2-step technique. Firstly a 50
uL of a Pbl, precursor solution consisting of acidified 1 mol.L™* Pbl, in DMF was
spin-coated at 4000 rpm for 30 s. Then, 100 puL of a methylammonium (MAI) solution
containing 40 mg of MAI in 1 mL of 2-propanol was deposited on the Pbl, layer,
allowed to react for 20 s and spun at 4000 rpm for 30 s. The perovskite layer was
annealed at 115<C for 1h on a hotplate. The samples were then removed from the
hotplate and left to cool down to room temperature during 10 min.

Spiro-OMeTAD was used as the HTM. A solution was prepared by dissolving 72 mg
of  Spiro-OMeTAD in 1 ml chlorobenzene.  Then, 1754  of
bis(trifluoromethylsulfonyl)imide lithium salt solution (LiTFSI) solution (520 mg in 1
ml ACN), 28 L of TBP (tert-butylpyridine) and 6 pL of
tris(2-1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(111)-tris(bis(trifluoromethylsulfon
yl)imide) (300 mg in 1 ml ACN) were added to this solution. A 35 uL of the HTM
solution was spin-coated at 4000 rpm for 20 s. Finally, the device was completed by
thermally evaporating a 70-80 nm thick gold back contact on the Spiro-OMeTAD

layer.

2.3 Results and discussion

The TiO; blocking layers (BLs) were prepared by two different technologies, spray
pyrolysis and spin coating. Two different titanium precursors were employed for spin
coating technology, titanium isopropoxide (TTIP) and titanium diisopropoxide-bis

acetylacetonate. In here, the precursor solutions were acidified by acetic acid (BL-A)
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and by hydrochloric acid (BL-H) using TTIP as titanium resource. Another, titanium
diisopropoxide-bis acetylacetonate, was tested for spin-coating and named BL-P
below. The blocking layer prepared by spray pyrolysis is named BL-S below.

Field emission scanning electron microscopy (FE-SEM) was employed to characterize
the morphologies of optimized BLs. In Figure 2.1, the images of a-c show that BL-S
was highly conformal and perfectly covered the FTO grains. Its thickness was
measured between 30-35 nm (Figure 1c). No porosity was found and the obtained
layer was highly compact. On the other hand, all the spin-coated BLs appeared as
made of grains with a small size of about 10 nm (Figure 1d-k). Pinholes were present
between the grains. The spin-coated layers were thicker than the sprayed one and had
a tendency to smooth the surface. We also noted that the layers prepared with titanium
isopropoxide were denser than those prepared with diisopropoxide-bis acetylacetonate
precursor. The thicknesses of these layers were measured at 30-50 nm for BL-A,
70-80 nm for BL-H and 80-100 nm for BL-P, the FTO layer thickness was about
550-600 nm.
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Figure 2.1 Field emission scanning electron microscopy (SEM) views of blocking
layers. (a-c) BL-S prepared by spray-pyrolysis technology; (d-k) prepared by spin
coating. (d,e) BL-A; (f-h) BL-H and (i-k) BL-P.

The optical absorbance properties of the layers were measured using the FTO coated
glass substrate as the baseline. In Figure 2.2, the curves are plotted as Tauc plots.
Assuming that the layers are mainly made of TiO, anatase phase which has an indirect
bandgap, the optical bandgap are determined at 3.25 eV for the sprayed layer (BL-S).
We found 3.30 eV for BL-A and 3.34 eV for BL-H and BL-P, respectively. These
values are in agreement with the formation of a thin TiO, layer of anatase.[25]
However, the edge and linear section of the Tauc plots are reduced because the
prepared layers are very thin. For accurately determine the crystal phase, Raman

spectroscopy measurements were implemented.
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Figure 2.2 Ultraviolet-Visible (UV-Vis) absorption spectra of various TiO, blocking

layers, displayed as Tauc plots.

The Raman spectroscopy is sensitive to the TiO; crystallographic polymorphism. It is
known that the electrical conductivity of TiO, rutile and brookite phase is less than
that of the anatase one.[25] To reduce the series resistance, the formation of the TiO,
anatase phase is then preferable in perovskite solar cells. Raman scattering was
employed to determine the phase and qualitatively investigate the crystallinity of the

BL. The Raman spectra of the BLs are shown in Figure 2.3. Anatase phase of TiO,
has a tetragonal structure and belongs to the space group Dlh (14/amd). The primitive

unit cell contains two TiO, chemical units.[23] According to the factor group analysis,
15 optical modes have the irreducible representation and six modes are Raman active:
Aig + 2By + 3E4.[22] BL-S shows the best defined emission bands which are indexed
to anatase at 144 cm™ (Eg), 197 cm™ (Eg), 399 cm™ (Byg), 513 cm™ (Ayg, Byg) and 639
cm™ (Eg).[27] These bands are also observed for the spin-coated layers but are less

intense. The intensity order is BL-P, BL-H and BL-A. The emission intensity varies in
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the inverse way compared to the layer thickness. Indeed, it increases with the longer

range order, the crystallinity and density of the prepared compounds.
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Figure 2.3 Raman spectra of the various prepared TiO; blocking layers on FTO/Glass

by the different precursor solution and deposited technologies.
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Figure 2.4 Raman spectra zoom view at the first E; mode for the various prepared

TiO, blocking layers.

Figure 2.4 is a zoom view of the lowest-frequency E; Raman mode. This strongest
Raman mode arises from the external vibration of the anatase structure. It exhibits a
blue shift of the emission band from BL-S to BL-P which is due to phonon
confinement and non-stoichiometry effects.[24] It confirms thus a crystallinity
increasing as follows: BL-P<BL-H<BL-A<BL-S. A close inspection of Figure 2.3
shows a bump at about 440 cm™ and a shoulder at 610 cm™ (marked by arrows) for
the layers prepared by spin coating. These peaks correspond to the E4 and A;g modes
of rutile phase. It indicates the presence of rutile phase in the spin-coated BLs. The
Raman characterization shows that the sprayed BL is very well-crystallized and made

of the pure anatase phase. A strong Raman emission is observed even if its thickness
is the smallest at 30-35 nm. We also note that the indirect bandgap, EB values

determined above are larger for the less-crystallized materials. The reduced quality of
the spin-coated films can be assigned to the crystallization process of TiO,. These
layers are prepared at low temperature, dried and subsequently crystallized at high
temperature. It results in the formation of voids and pinholes (evident from SEM
views, Figure 2.1), in a reduced crystal size and in the presence of rutile phase. On the
other hand the sprayed layers are directly produced and crystallized at high
temperature. They are better covering without pinholes and they have a better

crystallinity.
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Figure 2.5 Cyclic voltammograms of FTO electrode (dashed line) and BL electrodes

(full lines) in an aqueous solution containing the Fe(CN)g>™*

redox system. Scan rate
50 mV.s™. The inset is the AE, curve parameter for FTO and the spin-coated TiO,

layers.

The prepared BLs were probed using a liquid contact and the cyclic voltametry (CV)
technique. We use Fe(CN)¢*™ as a model of reversible redox system.[21] A
supporting electrolyte was employed to ensure a high conductivity of the solution.
Kinetics of this redox reaction were measured on the various BLs and compared to
bare FTO electrode. The voltammograms are presented in Figure 2.5. For FTO, two
close anodic and cathodic peaks were observed. The sharp shape showed a Nernstian
behavior. The anodic and cathodic peaks were separated by a potential difference, AE,
of 97 mV. A clear effect of the blocking TiO, layer on the current density of the peaks
and on AE, was observed in Figure 2.5. For the spin-coated layers, the shape varied
from a reversible to a semi-reversible behavior. AE, increased with the order BL-P,
BL-H and BL-A (Figure 2.5 inset). Another interesting parameter is the cathodic peak

intensity ratio between the BL and the FTO curves, noted IpeLy/lpETo) and represented
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in Table 2.1. The inverse order was found.

Table 2.1 Analysis of the CV curves redox peaks in figure 2.5. E, is the potential
difference between the anodic and cathodic peak maxima. Intensity ratio between the
cathodic peak of FTO and of BLs.

FTO BL-P BL-H BL-A BL-S
AE,/ mV 97 139 208 411 %
oLyl peTo) - 0.78 0.80 0.70 0

In Figure 2.5, we have also plotted the CV curve for the BL-S layer. In this case the
redox reaction did not occur which indicates that the electrode was well-blocking. AE,
is a straightforward signature of the blocking capability for spray layer (BL-S), it
implied that the blocking capability of the BL is better. In the case of the spin-coating
process, the layers present defects and pinholes which are filled by the electrolytic
solution. They are somehow porous and the solution can reach the FTO substrate. The
closer the CV curves to the FTO electrochemical response, the higher the porosity and
the defect density in the layer. From this study we can predict that spray pyrolysis
produces the best BL and that the BL-A spin-coated layers will be more efficient than
the BL-H and the BL-P ones.

A mesoporous TiO, layer was prepared by spin-coating on BLs and annealed before to
be used as a substrate for the preparation MAPI perovskite by a two-step technique.
SEM images of the mesoporous layer are shown in Figure 2.6. Its thickness was in the
100-125 nm range. The structure was very open and thin enough to give rise to an
opto-electrical response mainly governed by the BL component. The morphology of
the Pbl, layer prepared by spin coating is shown in Figure 2.7 a. The layer was made
of merged grains and presented some voids. After reaction with the MAI, the
morphology changed, showing some dissolution and re-crystallization phenomena of
the layer which became perfectly covering and was made of large grains (Figure 2.7
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Figure 2.6 SEM views of the mesoporous TiO, layer, deposited on the BL-S/FTO

substrate. The left image is a top view, and the right image is a cross-sectional view.
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Figure 2.7 Top view SEM images. (a) The initial deposited Pbl, layer. (b) The same

layer after its reaction with MAI and its transformation into MAPbI; layer.

XRD measurements were conducted to evaluate that the prepared compound was the
intended perovskite material. A representative pattern is shown in Figure 2.8a. The
diffraction peak positions are in agreement with the formation of tetragonal MAPDIs.
The presence of unreacted hexagonal Pbl, is also detected with the (001) and (002)
Pbl, phase diffraction peaks at 12.7<and 25.5< respectively. The formation of
MAPDI; was also confirmed by optical measurements shown in Figure 2.8b. Typical
absorption curves are observed for both perovskite layers deposited on glass and on
TiO, BL which exhibit an absorption edge measured at 780 nm in agreement with the

literature data.[6] The photoluminescence emission of these layers are displayed in the
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same figure. They are characterized by an unique emission peak centered at 770 nm.
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Figure 2.8 (a) XRD pattern of two-step MAPDI3 perovskite layer (b) Absorbance and
photoluminescence spectra of two-step MAPbI; on glass (red curves) and on BL-S

(dark blue curves).

The PSCs were completed by depositing a spin-coated Spiro-OMeTAD layer as hole
transporting layer (HTL) and by thermal evaporating a thin gold back contact. A
strong effect of the BL deposition technology and precursor solution composition used
for BL preparation was found on the J-V curves and PSCs performances. Figure 2.9
displays J-V curves for good cells measured in the reverse bias scan direction. Table
2.2 gathers the averaged and best device parameters for both the forward and reverse
bias scanning directions. We can note that tests were also conducted using modified
TiO, spraying conditions giving a BL with a thickness of 20-25 nm but they gave rise
to lower performances. Optimized BL prepared by spray pyrolysis enabled an
efficiency above 17%. Using the spin-coated BL gave rise to lower performances with
worse characteristics for the V., Jsc and FF parameters. Increasing the thickness of
BL reduces the FF notably because of the increase of the contact resistance. The
average efficiency of the cells with spin-coated BL decreased in the following order:
BL-A, BL-H, BL-P. The poor performance of the BL-P cells is assigned to their poor
crystallinity, to their porosity and to the fact that this BL was the thickest of the

investigated ones. This thickness was required to obtain working and stable cells.
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However, it resulted in poorly efficient devices with a large hysteresis. These cells
also delivered the lowest Js. It suggests a problem of charge injection from the
perovskite. On the whole, we note that larger hysteresis is produced by using the

spin-coated BLs compared to the sprayed one.

25

BL-S

Current density / mA.cm®

1.2

Potential / V

Figure 2.9 Typical J-V curves of MAPbI; perovskite solar cells prepared on various
BLs. The solid lines are the photocurrent measured under AML1.5 filtered one sun

illumination; the dashed lines are the dark current.
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Table 2.2 Photovoltaic parameters of J-V curves of two-step MAPbI; PSCs for

various BL (AM1.5G filtered 100 mW.cm illumination).

Blocking sample | Scan
Voo /V Joo /mA.cm™ FF /% PCE /%
layer direction
R® 21.54 75.16 16.03
1.006(20.014)
AVE? (40.33) (45.45) (40.97)
g = 60.54 13.63
0.996(#0.022) | 22.60 (+1.03)
BL-S (43.51) (+1.00)
b R 1.032 21.66 85.66 17.49
Best
F 1.021 22.91 61.85 14.47
R 72.78 12.91
0.967(#0.023) | 18.09(+1.26)
(#3.63) (#0.32)
Avg
F 18.95 48.45
0.877(#0.055) 8.17 (#1.71)
BL-A (40.80) (46.67)
R 1.006 19.47 68.09 13.34
Best
F 0.939 19.30 52.61 9.54
R 0.923 66.54 11.67
19.04 (2.43)
A (40.028) (45.93) (#.37)
Vv
: F 19.02 43.15
0.806 (30.040) 6.73 (+1.90)
BL-H (*2.00) (+8.87)
R 0.967 20.37 66.61 13.12
Best
F 0.837 20.16 47.98 8.10
R 0.861 65.21 7.92 (#0.21
14.17(40.99)
(40.036) (45.29) )
Avg
F 37.78
0.793 (20.089) | 13.91 (+1.02) 4.34 (+1.27)
BL-P (£8.62)
R 0.895 12.78 70.43 8.06
Best
F 0.915 12.44 42.61 4.85

Averaged value. ° Maximum PCE cell parameters. ¢ Reverse scan direction.

Forward scan direction.

d

The BL has a great influence on the V.. parameter. The sprayed layer enables the best

cell V.. This parameter decreased as follows: BL-S>BL-A>BL-H>BL-P. This is in
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agreement with the cell dark current curves reported in Figure 2.10 . The dark current
can vary by up to one and a half orders of magnitude due to the blocking layer
characteristics. As expected the lowest dark current is found for the sprayed TiO, that

we have observed to be dense and to conformally well-cover the FTO substrate.
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Figure 2.10 Dark current of two-step MAPDI; perovskite solar cells prepared on

various BLs. The dark current is plotted in a logarithmic scale.

To gain a deeper insight into the effect of the blocking layers in the cell functioning,
we have investigated the solar cell electrical response to a small alternating current
(AC) perturbation applied to the devices polarized at various potentials. Impedance
spectroscopy has proved to be a useful tool to investigate different solar cells,
especially dye-sensitized solar cells [26,28-31] and emerges as a powerful technique
for the investigation of PSCs.[8,9,32-45] By this technique the phenomena of charges
(ions and electrons/holes) transfer and accumulation can be thoroughly investigated.
The cells have been analyzed under light illumination and over a wide frequency
range. Figure 2.11 shows Nyquist plots (imaginary versus real part of the impedance)

recorded at various applied potentials. In Figure 2.11(a) and 2.11(b) are displayed the
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impedance spectra of PSCs on various BLs at short circuit (0.0V) (Figure 2.11a)
potential and at 0.6V applied potential (Figure 2.11b): Blue impedance spectrum is
BL-S; Red, BL-A; Green, BL-H and Black, BL-P; respectively. For all of them a
minimum of three distinct impedance features were found. All the recorded spectra
exhibited an arc of circle at low frequencies (LF) and at high frequencies (HF). The
behavior of impedance was more complex in the intermediate frequency (IF) range
(typically between 1Hz and 2000 Hz). For the BL-H and BL-P cells an inductive loop
was observed at IF for all the investigated applied potentials. For the BL-A cells, this
feature appeared above 0.4V. For the best cells, with a BL prepared by spray pyrolysis
(BL-S), this feature appeared clearly over a narrow applied voltage range, between
0.5-0.7V and it was reduced in amplitude. Figure 2.11(c) is a zoom view of the loop
for the BL-S cell polarized at 0.6V. We have also observed an effect of the applied
potential on the loop amplitude. Figure 2.11(d) illustrates that the amplitude of the
inductive loop increased with the applied voltage, reaching a maximum at 0.6-0.7 V
before to decrease.
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Figure 2.11 Perovksite solar cells impedance spectra in a Nyquist plot. (a) Spectra at
short circuit (0.0V) for various BLs. (b) The same with an applied voltage of 0.6V. (c)
Zoom for BL-S at 0.6 V. The dots are the experimental points and full lines are the fits.
Blue curve, BL-S; Red, BL-A; Green, BL-H; and Black, BL-P. (d) Effect of applied

potential on the impedance response of the BL-A cell.

The low and high frequency components of the spectra could be fitted by a resistance
a parallel with a capacitance (R//C) circuit. More precisely, because the arc of circles
were not a semi-circles and that some dispersion occurred, they were modelled by a

R/ICPE circuit. Zcpe is a constant phase element which complex impedance varies

like Zcpg= where o is the angular frequency related to the frequency as

Tlio

fzzﬁ, i is the square root of -1 and p is a number lower than 1. The capacitances
/o

were extracted from the Zcpe parameters using the general approach described by
Brug et al.[46] The intermediate region showed various shapes at low applied
potential. The loop found for BL-H and BL-P has been modelled using an inductor
element in parallel with a resistor and a CPE. A similar modeling has been employed
for BL-A above 0.2V and for BL-S above 0.5 V. The other spectra, for which the loop
was not found, were fitted with the simplified circuit shown in Figure 2.12 (a’).
Quantitative analysis of the electrical response has been achieved using the equivalent
electrical circuit (EEC) proposed in the Figure 2.12(a). All the spectra could be
correctly fitted with this EEC.
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The next step was to study the effect of the BL on the various elements of the EEC
and to determine which of them are impacted by this cell component. At short circuit,
the size of the arc of circle at high frequency defines a resistance that more or less
increases with the BL layer thickness. Using the EEC model, the high frequency
resistance, named R1, was determined and is presented in Figure 2.12(b) as a function
of the applied potential. In the case of BL-S, this resistance is low and more or less
constant with the applied potential. Higher values are found with the spin-coated BLs
and between 0 and 0.6V, it reflects the thickness and crystallinity of the BLs. This
high frequency resistance has been described to scale with the thickness of the
perovskite layer above 500 um.[34] However, in the present case the contribution of
the bulk perovskite resistance is very low and R; reflects mainly the selective contact
resistance. It varies with the transport resistance in the ETL, it reflects then not only
its thickness but also its crystallinity and phase composition since it is known that the
resistivity of rutile, present in the spin-coated layers, is higher than the anatase one.
The high frequency capacitance is named C;. According to the literature data, this
capacitance can be assigned to the bulk perovskite layer.[38-40] This is in agreement
with the same order of magnitude found for the investigated cells in Figure 2.12(c). C;
does not vary clearly with the BL layer chemical nature and thickness. The high
frequency capacitance has been described as insensitive to light and reflects the
dielectric relaxation of the hybrid perovskite. It is due to diverse phenomena involving
dipolar mechanisms such as CH3NHs;" or [Pblg] octahedra reorientation and
cooperative off-centering.[38] In the literature, the dielectric constant of MAPI has
been reported with values ranging between 22 and 37.[34,39,40]

The LF relaxation is characterized by a capacitance named Cs. The low frequency
capacitive behavior of PSCs has been described as highly dependent on the
illumination.[41] In the dark, the low frequency capacitance is due to electrode
polarization taking place due to ion migration to the electrode contacts and charge
compensation at the selective contact electrodes giving rise to a double layer
component at each contact. Under illumination C3 becomes very high and has been

qualified as a giant capacitance.[43-45] This is caused by the ionic and electronic
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charge accumulation at the perovskite/contact layers interfaces. In our case Cs could
be correctly determined for the BL-S cells in which the influence of the IF
contribution on the impedance response was low. On the other hand, for BL-H and
BL-P, for which IF and LF responses intertwine, the full determination of C3 could not
be done satisfactorily. C; for BL-S is constant. Similar C; were found for BL-A below
0.5V for which this parameter is not influenced by the IF contribution. Higher C;3 are
found for BL-H and BL-P due to the IF contribution overlap and possible higher

roughness of the ETL/perovskite interface.
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Figure 2.12 Simplified (a’) and general (a) equivalent electrical circuit used to fit the
impedance spectra (HF, high frequency; IF, intermediate frequency; and LF, low
frequency). Fitting results of the electrical parameters plotted as the function of the

applied potential: (b) Ry, (¢) Cy, (d) C3, (€) Rs, (f) 1z and (g) L.

Rs is the resistance of the low frequency relaxation. This component could be
accurately determined for BL-S and BL-A in Figure 2.12(e). The values were higher
by a factor 3 in the case of BL-S. The low frequency resistance is assigned to the
charge recombination. MAPbI; is an ionic conductor and perturbation of the voltage
induces the movement of ions and corresponding changes in the potential distribution
across the layer and at the interfaces. These changes affect the recombination rate.
Higher values for BL-S show lower recombination and are in agreement with the
higher V,. of these cells (see Table 2.2). The R; decrease with the applied voltage
shows that the recombination is strongly enhanced by the applied voltage. Figure 2.12
(f) shows the relaxation time t3=R3Cs. This time constant is low, in the tens of second
range and shows the occurrence of a slow process. This is in agreement with the low
diffusion coefficient of the ionic species (the most likely candidate being iodide
vacancies) in the hybrid perovskite.

The complex behavior in the IF range involves a capacitive, a resistive and an
inductive contributions. The loop behavior is much more pronounced in the case of

the spin coated layers, especially for those with the worse efficiency, BL-H and BL-P.
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In our study, this inductive behavior is the signature of the poorly working cells. The
loop could be related to the porosity and the low crystallinity of the spin-coated layers.
In these layers, additional electronic surface states would be present. C, and L, have
been determined for the spin coated BL cells. Figure 2.12 (g) shows that the cells with
BLs prepared from titanium isopropoxide exhibit similar L, behavior and are different
to that prepared with diisopropoxide-bis acetylacetonate. The latter yields to lower C,
in Figure 2.13, but to higher L, values. The inductive phenomenon at IF is a singular
behavior for a solar cell. It could be linked to the ionic conductivity of the
perovskite.[47,48] In Table 2.2, it has been observed that fill factor (FF) parameters of
cells decreased as follows: BL-S>BL-A>BL-H>BL-P. R; and R, contribute to the
total series resistance. We have observed that these electrical components vary in the
order BL-S<BL-A<BL-H<BL-P (Figure 2.12) and explain the observed behavior for
the FF parameter. The BL thickness and resistivity thus significantly affect the FF of

the photovoltaic devices.
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Figure 2.13 Variation of the C, parameter with the applied potential.

2.4 Conclusion

We have investigated the key parameters that render TiO; blocking layer efficient in
perovskite solar cells. Several BLs have been prepared using the aerosol spray
pyrolysis and the spin-coating techniques. For the latter, several solution compositions

have been investigated. It resulted in the formation of BLs with various properties.
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SEM imaging of BLs showed that the spin-coated ones were porous. We have shown
that Raman spectroscopy is a reliable and accurate technique which provides essential
information on the crystal phase and crystallinity of the prepared layers. Cyclic
voltammetry gave fast and reliable information on the blocking ability of the layers
used in PSC. Overall, we found that the sprayed BLs were thin, highly compact,
covering and conformal. No cracks and pinholes were found due to the precursor
degradation and condensation occurring directly at high temperature. They were made
of the pure anatase phase and were perfectly blocking. On the other hand the
spin-coated layers were porous, contained cracks and pinholes and were not fully
blocking. They were less crystallized than the sprayed layers and their crystallinity
and blocking capabilities were shown to decrease with the order: BL-A, BL-H and
BL-P. Moreover, trace of the rutile phase (less conducting than the anatase one) was
also detected for the spin-coated layers. In good agreement with these observations,
the best cell efficiencies were achieved using the BL-S.

We developed the use of the impedance spectroscopy technique to investigate the
various processes taking place in the cells under illumination and how they are
influenced by the BL. The impedance spectra revealed complex electrical phenomena
which were characterized by different characteristic times. A general equivalent
circuit has been proposed to fit the spectra. In the intermediate frequency range, an
inductor was introduced to fit a loop. We have found that the inductive loop, if
observable for all the cells, was more pronounced and found over a larger potential
range in the case of the most badly working devices. Much information could be
extracted from the impedance study. The BL has a strong influence on the high
frequency resistance. It varies with the transport resistance of the contact and it
reflects the crystallinity, the phase composition and the thickness of the BLs. The high
frequency capacitance reflects the dielectric relaxation of the perovskite layer. The
low frequency capacitance was extracted for the best working cells and was assigned
to the ionic and electronic charge accumulation at the interfaces. The low frequency
resistance is related to the recombination rate in the cells and was much higher for the

the BL-S cells giving rise to higher cell performances. The low frequency relaxation
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time is high, in the tens of seconds range, and can be related to slow relaxation
processes occurring in the cells such as the movement of ionic species.

Our study has clearly shown the strong influence of the BL on the cell functioning,
performances and impedance response. BLs produced directly at high temperature
such as the BL-S ones have much better properties that render them more efficient for
the electron transport and hole blocking and they produced high efficiency perovskite
solar cells. This optimized BL will be implemented in Chapter 3 and Chapter 4 for the

development of highly efficient PSCs using mixed cation hybrid perovskite.
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Chapter 3. Formamidinium and methylammonium

dual organic cations hybrid perovskite solar cells

3.1 Introduction

Perovskite solar cells prepared by laboratory-scale spin-coating methods have made
tremendous progresses in the past few years in terms of efficiency and stability.[1, 2,
3, 4, 5] Such rapid progresses are mainly due to major advances made in the control
of perovskite film deposition and crystallization.[6, 7, 8] However, devices made via
large scale methods are still lagging behind state-of-the-art spin-coated devices
because of the complicated nature of perovskite crystallization from a precursor
state.[3, 9]

We known that the thermodynamics phase transition theory that AG.=RTIn(Co/C),
with R the constant of perfect gases and T the temperature. Coy is the solution
concentration at saturation. For the spontaneous prompting of the phase transition
(PT), the crystallization Gibbs energy must be negative, (i.e. AG. < 0). It will be the
case when C > Co, here C is the supersaturation concentration of precursor solution.
So the supersaturation concentration of precursor solution (C) is the main driving
force for the phase transition. For example, the vacuumed-assisted crystallization
process (upon which solvent rapidly volatilizes to increase C), and the anti-solvent
dripping process achieved condensed perovskite thin film. Generally, the precursors
are dissolved in dimethyl formamide (DMF) which is a viscous, low boiling point
solvent. Because anti-solvent, such as chlorobenzene, is miscible with DMF with a
decreased azeotropic point, it promotes the quick solvent evaporation and
simultaneously un-dissolves perovskite seeds. The rapid increase of the perovskite
precursors concentration (C) enforce the phrase transition. Besides, the
supersaturation vapor pressure (P) is another force for PT. The crystallization Gibbs
energy is new written: AG.=RTIn(Po/P), here Py is the pressure of phase equilibrium,

The crystallization requires P > Po. Techniques such as vapor deposition,
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vapor-assisted methods improve the crystalline quality of the perovskite layer and
realize the stability of grains in either single crystal optoelectronic devices or solar
cells absorber layers.

In Chapter 3, we develop various techniques to get large grain well-crystallized, pure
phase FAMA perovskite. We will first describe a simple direct perovskite
film-forming method which does not employ a dripping step by an anti-solvent. On
the other hand, although tremendous efforts have been devoted to high efficiency
perovskite solar cells (PSCs) on the small active areas, one of the main problems is
that the anti-solvent dripping technology very easily leads to inhomogeneous
perovskite layer in the center of substrate. Therefore, the technology suffers from low
reproducibility on lab-to-lab and person-to-person.

In addition, many research groups have proposed the synthesis of big-sized perovskite
grains, in order to reduce the interface between grains for further decreasing charge
carrier recombination at the perovskite grains boundary. Therefore, we also developed
a hot-casting technique to form layer made of 1-2 micrometer big-size perovskite
grains.

At the end of the chapter, we will show that, developing a deposition method with
anti-solvent dripping, we could finally realize highly efficient and reproducible

perovskite photovoltaic devices.

3.2 Experiments

In this chapter, we develop three Kkinds of technologies to deposit dual
formamidinium/methylammonium organic cation (FAMA) perovskite layers. The
various deposition methods and compositions of perovskite precursor solution
realized specific advantages for perovskite layers. For example, the direct
film-forming technology without anti-solvent dripping, is advantageous to realize
large areas and homogenous perovskite layer. The hot-casting technology is
advantageous to attain big-size perovskite grains and dramatically reduce the

recombinations at the grain boundaries. Finally, via anti-solvent dripping method, we
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achieved high efficiency and stability power conversion outputting on the small active
areas.

We now detail the fabrication procedures of the solar cells for the various FAMA
preparation protocols.

Substrates cleaning

The F-doped tin oxide coated glass (TEC7, Pilkington) was cut, and etched patterned
using HCI 10% and Zn powder. It was then cleaned for 20 min in a concentrated 2.5
mol.L™* NaOH ethanolic solution, rinsed with water, cleaned with a detergent, rinsed
with MilliQ water and dried with compressed air. The substrates were then annealed
30 min at 500<C on a hotplate.

Compact and mesoporous TiO, layers preparations

A 20—30 nm dense compact layer of TiO, was deposited on FTO substrate by
spraying pyrolysis technology at 455 <€, which precursor solution was prepared by
mixing 600 pL titanium isopropoxide and 400 uL acetyl acetone (fuel of reaction, also
named combustion synthesis method) in 6 mL isopropoxide solvent. The substrate
was placed on a hotplate at 455<C for 20 min prior to start spraying. The deposited
layer was then annealed at 455<C for 40 min before to be let to cool down. Then a
150—200 nm thick mesoporous TiO, layer was deposited by spin-coating on the
sprayed TiO; blocking layer. 40 uL of a solution of 30 nm TiO, particle paste (Dyesol
30 NR-D paste diluted by ethanol with a 1:8 mass ratio) was deposited on the
substrate and spin-coated for 20s at 4000 rpm with an initial ramp of 2000 rpm/s. The
mesoporous layer was dried at 100 € on a hot-plate and immediately sintered at 500
< for 30 min on a covered the hotplate under dry air flux.

For experiments using only the TiO,-compact layer to investigate its impact on
electron extraction, we will note in the following that the TiO, electron transport layer
is without TiO,-mesoporous layer.

TiO,/PCBM electron transporting layer

For studying PCBM (a fullerene derivative, [6,6]-phenyl-C61-butyric acid methyl
ester) to investigate the electron injection enhancement, a 15 mmol PCBM dissolved

in acetonitrile (ACN) solution was prepared. 50 uL of this PCBM solution was
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deposited on the FTO/TiO,-compact/TiO,-mesoporous substrate and spin-coated at
4000 rpm for 20 s (the acceleration was 2000 rpm/s). After that, these PCBM coated
substrates were placed on a hot-plate at 100<C for 10 min, and cooled down before to
proceed to the perovskite deposition.

Perovskite layers preparation

1. Direct perovskite film-forming method (the simplest perovskite film-forming
technique).

The dual formamidinum (FA) and methylammonium (MA) organic cations are set at
the following formula FAqg3sMAg17Pb(lo.g3Bro.17)3. The perovskite precursor solution
contained FAI, MAI, and HBr acid. The latter, being added as Lewis acid, usually can
reduce the chemical reaction enthalpy to promote reaction rate. In here, we prepared a
high concentration of precursor solution, mixing 1.1M Pbl,, 1M FAI, 0.22 M MAI,
and 0.51M HBr in dimethyl formamide (DMF). On the other hand, we also prepared a
precursor solution with low concentration by mixing 1M Pbl,, 0.83M FAI, 0.17 M
MAI, and 0.51M HBr in DMF. 45 uL of the precursor solution was deposited on the
TiO, mesoporous substrate, and then spun it at 1000 rpm for 20s (acceleration speed
was 500 rpm/s) and 6000 rpm for 30s (acceleration speed was 3000 rpm/s). No
anti-solvent dripping process was employed in this case. The coating perovskite layer
was then annealed at 100 <€ for 40 min.

For exploring optimized annealing time experiments, we tried to anneal under the
various heating times for 5s, 10 min, 20 min, 30 min, 40 min, and 1 hour.

2. Hot-casting method for growth big-sized perovskite grains

The precursor solution was composed of 1M FAI, 0.2M MAB!, 1.1M Pbl;, and 0.22M
PbBr, dissolved in dimethyl formamide (DMF) solvent. We adopted hot-casting
technology to prepare layers made of big-sized perovskite grains. The detailed process
is the following: preheated hot-plate at 150 <€ for half an hour or more, and the
prepared FAMA precursor solution was heated at 70 <€ and stirred on another
hot-plate for a half hour. After that, the preheated TiO, substrates was placed on the
head of the spin-coater and 45uLl of the prepared FAMA precursor solution was

deposited on the substrate. The spinning was run at 6000 rpm for 30s (acceleration
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speed was 3000 rpm/s). After the deposition of the perovskite layer, the sample was
immediately placed on the hot-plate and heated at 150 <€ for 20 min.

3. General anti-solvent dripping method for perovskite layer preparation

The dual organic cations FAMA perovskite compounds was set the following formula:
FA0.8sMA0 17Pb(lp.83Bro17)3. The precursor solution was composed of 1M FAI, 0.2M
MABTI, 1.1M Pbl, and 0.22M PbBr; in anhydrous dimethyl formamide (DMF) and
dimethylsulfoxide (DMSO) solvent mixture in a 4:1 volume ratio. 45 uL of the
perovskite precursor solution was deposited on the
FTO/TiO,-compact/TiO,-mesoporous substrate and spin-coated at 1000 rpm for 10 s
(500 rpm/s acceleration speed) for the first stage of program; and 6000 rpm for 30 s
(3000 rpm/s acceleration speed) for the second stage of the program. During the
second stage after 10s, 100 uL of Chlorobenzene (CB) was dripped on the substrate.
After the perovskite deposition, the perovskite layer was annealed at 100 <€ for 1
hour.

Hole transporting layers

After the perovskite layer annealing, the substrates were cooled down for a few
minutes. In here, Spiro-OMeTAD was used as the hole transporting material (HTM)
layer. Spiro-OMeTAD precursor solution was doped with
bis(trifluoromethylsulfonyl)-imide lithium salt solution (Li-TFSI, Sigma Aldrich),
tris(2—1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(I11)-tris(bis-(trifluoromethylsulfo
nyl)imide) (FK209, Dyesol), and 4-tert-Butylpyridine (tBP, Sigma Aldrich). The
molar ratio of additives for spiro-OMeTAD was: 0.5, 0.03, and 3.3 for Li-TFSI, cobalt
complex FK209 and tBP, respectively. The solution was prepared by dissolving 0.1 g
of Spiro-OMeTAD in 1.279 mL chlorobenzene. Then, 23 pL of Li-TFSI solution (196
mg in 379 pL ACN), 39 pL of TBP and 18uL of Co-TFSI (99 mg in 263 L ACN)
were added to this solution. 35 pL of the Spiro-OMeTAD solution was spin-coated at
4000 rpm for 20 s.

Back contact electrode

Finally, the device was completed by thermally evaporating a 70—80 nm thick gold

back electrode on the Spiro-OMeTAD layer.
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3.3 Results and discussion

In here, we will discuss about the effects of the various perovskite deposition

technologies on the perovskite crystallinity, phase purity, morphology, and stability.

3.3.1 Preparation of high purity FAMA perovskite by direct

film-forming method

Although tremendous progresses using laboratory-scale anti-solvent methods have
been made during the last few years, this method is only suitable for fabricating small
active area perovskite solar cells (PSCs). Spin-coating technology is a limit for
industrial large area production and anti-solvent dripping is very difficult to control
reproducibly lab-to-lab and person-to-person. Therefore, we have studied a simple
direct film-forming technology which could be applied to commercial production
machines, such as: roll-to-roll, or ink-jet printer.

Therefore, we developed a new strategy for the direct forming of perovskite layers
without anti-solvent dripping, which even demonstrated more purity phase than
traditional method. Figure 3.1 compares the XRD patterns of direct film-forming and
traditional anti-solvent dripping technology. It is found that phase segregation occurs
(mixed-phases) in the traditional one. In addition to the FAMA ones, diffraction peaks
are also indexed to the yellow 5-phase at 11.58° and to the Pbl, phase at 12.7°in the
(anti-solvent) FAMA perovskite XRD pattern. On the other hand, in our direct
film-forming case, the XRD patterns only exhibit the high purity photoactive black
a-phase notably at around 14.3< Besides, we found that a slight excess of FAl
precursor solution of FAMA perovskite gives rise to a better phase crystallinity, to a
highly preferred (110) orientation. It also exhibits extremely sharp and narrow
perovskite diffraction peaks. In addition, the most interesting is that without heating
treatment, a self-maturation process occurred (when the deposited perovskite layers
were placed in the dry air atmosphere for a half hour) which gave rise to a crystallized

perovskite. It indicates that this technology promotes the spontaneous phase transition
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even without heating treatment which might be due to a reduction of the Gibbs free
energy of the whole crystallization reaction. We also note in Figure 3.1 that the
annealing treatment of the sample results in XRD patterns with extremely intense and
narrow diffraction peaks compared to the no heated ones. It implies that the heating

treatment makes perovskite further grow up and promote its high crystallinity.
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Figure 3.1 X-ray diffraction (XRD) patterns of FAMA perovskite layer prepared by
simple direct film-forming method (the first four patterns) and anti-solvent method
(the bottom pattern). Effect of low and high precursor solution concentration and
annealing for FAMA prepared by direct film-forming method. The symbol * is
F-doped tin dioxide, # is un-reacted Pbl, phase, & is hon-photoactive yellow phase and

a is phase photoactive black phase.

In addition, we have studied in detail the effect of annealing time on the phase
transition of the FAMA perovskite. In the Figure 3.2, The XRD patterns of the layers
for various heating treatment of times are exhibited. Especially, for the extremely
short annealing time of 5s, we found both the Pbl, phase and the perovskite a-phase in
the XRD pattern. However, after just an annealing time of 10min, the XRD pattern

displayed almost complete transition to the perovskite a-phase. It indicates that Pbl,
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phase gradually transfers to perovskite a-phase during an extended heating treatment.
Besides, the best phase purity was achieved for 40 min. After 1h, the Pbl, phase at

12.7° appeared meaning that the perovskite a-phase started to decompose.
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Figure 3.2 XRD patterns of FAMA perovskite layer by direct film-forming method,
under the different annealing times, 5second, 10 min, 20 min, 30 min, 40 min and 1

hour, respectively.

According to the UV-vis absorption spectrum (Figure 3.3), after coating the
perovskite layer by the directly film-forming method, both high and low concentration
of perovskite precursor solutions demonstrated a strong absorption. However, the
inset of Figure 3.3 shows that the two films had a different optical band edge: the high
concentration one was at 1.606 eV, while the low concentration one was at 1.55 eV. It
indicates that the perovskite precursor composition has a strong effect on the material
band-gap.

The absorbance of the layer was followed as a function of the annealing time for the
low concentration precursor solution. Figure 3.4 indicates that with a prolonged
heating treatment time, the absorbance of the layers increases. It is in good agreement

with the results of top view perovskite SEM images detailed below (Figure 3.5).
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Figure 3.3 Ultraviolet-visible (UV-vis) absorption spectrum of FAMA perovskite
layer by direct film-forming method prepared from the high and low concentrations of
precursor solution. The inset is a zoom of the bandgap edge.
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Figure 3.4 UV-vis absorption spectra of FAMA perovskite layers without annealing
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and for annealing times of 30 min and 1h.

In figure 3.5, shows the effect of precursor solution concentration and annealing on
the layer morphology and size of perovskite grains. Although our XRD study has
shown that, without annealing, a good crystallinity and purity a-phase of perovskite
was get, the grains were not fully covering the substrate as shown in Figure 3.5(a) and
(c). After the heating treatment, the perovskite grains were further grown up and
mature and the coverage was promoted (see Figure 3.5 (b) and (c). Moreover, the
SEM images show that the higher concentration gives rise to a better crystallization.
Unfortunately, it still exists some pinholes near the boundary of grains in the
perovskite layer. Until now, we do not know what causes this reaction. Generally
speaking, these pinholes are detrimental for the solar cells. Actually, it results in short
circuit in the cell caused by the direct contact between Spiro-OMeTAD and TiO,
electron transporting layer. This increases the dark parasitic current, recombination

and decreases the Js. and V. of the cells.
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Figure 3.5 Top views of scanning electron microscopy (SEM) images of perovskite
films prepared from low concentration (a,b) and high concentration (c,d) precursor
solutions. The layers before heating treatment are in the left and those after heating

treatment in the right. The scale bar is 200 nm.

The direct film-forming technology realizes high purity a-phase and scalable
big-areas deposited perovskite layers. However, the pinholes and voids on the
perovskite layer bring a deleterious impact on the solar cell performances. Figure 3.6
and Table 3.1, provide typical PSCs photovoltaic metrics of cells prepared via the
directly film-forming method. They displays a Vo = 920 mV, a Jc =14.7 mA/cm?, and
a fill factor of 62.95%, resulting in a PCE of 8.54%. These pinholes and voids not
only reduce the open circuit voltage but also reduce markedly the short circuit current

because of the increased dark current and charge recombination near these defects.
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Figure 3.6 Current density / voltage (J-V) curves of the FAMA perovskite solar cell
prepared by the direct film-forming method. (Solar cell No.39 in Table 3.1)
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Table 3.1 J-V curve parameters for the forward and backward potential scans of
FAMA perovskite solar cells prepared by the direct film-forming technology. Under
AM1.5G 100 mW.cm™ illumination. The potential scan rate was 25mV/s.

Sample Scanning Ve (V) Jso(mA/em?) | Fill factor | PCE
number direction (%) (%)
No.39 Reverse 0.92 14.7 62.95 8.54
Forward 0.89 13.95 50.21 6.25
No0.36 Reverse 0.94 14.29 62.89 8.51
Forward 0.92 13.98 47.46 6.11
No.38 Reverse 0.96 13.71 62.17 8.20
Forward 0.92 13.88 46.77 6.00

3.3.2 Big-sized grains of FAMA perovskite prepared by hot-casting

method

Some research groups have developed the synthesis of big-size perovskite grains to
reduce the interface between the perovskite grains and then to decrease charge carrier
recombination at the grains boundaries. In here, we have developed the hot-casting
technology and could get perovskite grains with size as high as 1-2 micrometers.
Figure 3.7 shows the XRD patterns of FAMA perovskite layers prepared via
hot-casting technology. The XRD patterns demonstrated pure photoactive perovskite
a-phase without other unexpected phase. It is interesting that the preferred
orientations of lattice planes were changed. In here, the (110) lattice plane intensity is
lower than the (220) plane one. It is unlike the layers deposited by the traditional
deposition method and indicates that the crystal growth preferably occurs along the
(220) lattice plane forming which is a delicate changing.

Moreover, we have followed the aging of these layers. We found that they can better
endure the effect of ambient air and moisture (as we know, CH3NH3Pbls perovskite is

seriously degraded by moisture), which demonstrates the higher stability of
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perovskites prepared by hot-casting technology. Figure 3.7 shows the XRD pattern of
a hot-casted layer after storage under ambient conditions, without any protecting
treatment such as a coating protecting layer, or encapsulation. We stored these
perovskite layers in a plastic box under the normal air atmosphere for 10 days (the
relative moisture was above 40%). No Pbl, phase, yellow 5-phase and other phases
due to decomposition appeared after the storage.

In addition, compared to the other two kinds of perovskite deposition technologies,
we found that the hot-casting method demonstrated a strongly full spectrum
absorption and sharp optical band edge (Figure 3.8). It is assigned to the big-sized
perovskite grains and to a thicker perovskite layer. We can note that the layer
absorbance was almost increased 3 times compared to the anti-solvent method.
Generally speaking, the sharp band edge absorption is a very good property for the
material photoluminescence since the excitation light will be effectively excited by

the above band-gap energy in this case.

10 15 20 25 30 35 40 45 50
2000 T T T T T T T
Hot casting method/ FAMA perovksite
under normal air strorage 10days later
1500 | e

1000 - -

i e

Hot casting method/ FAMA perovksite

Ithensity (a.u.)

1500 - B

1000 -

L

T n " T rary n I n " i
25 30 35 40 45 50

2 Theta (degree)

n
I=2s ol

Figure 3.7 X-ray diffraction (XRD) patterns of fresh and 10-days aged FAMA

perovskite layers prepared by host-casting method.
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Figure 3.8 Ultraviolet-visible (UV-vis) absorption spectra of FAMA perovskite layers
prepared by different deposition techniques (anti-solvent dripping method,
host-casting, and direct film-forming technique).

The morphology of layers prepared by hot-casting was imaged by SEM and is shown
in Figure 3.9. We clearly observe that the layer consisted in 1-2 micrometers big
grains which were surrounded by smaller perovskite grains. On the other hand, the
gain size was only 200 nm in average for the other deposition techniques. The layer
was fully covering the substrate and no pinholes and/or voids were present. This
varying size effect is very intresting, and it results from the crystal growth mechanism.
As described in the experimental part, in the hot-casting technology, when pervoskite
precursor solution is dripped on the preheated substrates, the solvent rapidly
volatilizes and the supersaturation concentration of the precursor solution increases
immediately. Therefore, perovskite crystalline seeds are easily formed and
simultaneously the crystal seeds further grow up to form big-sized grains. After that,
some small grains grow in-between these grains and fill the voids. In other words, the

big-size grains grow first compared to the small ones.
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Figure 3.9 SEM top views of hot-casted FAMA layers on mesoporous TiO;
underlayer. (a) and (b) show big-sized FAMA perovskite grains under different
magnifications. (c) and (d) are SEM views of Spiro-OMeTAD (hole transporting
material) deposited on top of the FAMA perovskite layer prepared by hot-casting. (e)
Cross-sectional scheme of the Spiro-OMeTAD (in grey) deposited on the perovskite

(in brown).

However, according to the low magnification SEM of Figure 3.10, we discovered that
some places show ridge structures on the perovskite layer (these are brighter lines in
figure 3.10 (a)). It may be caused by the rapid growing of the perovskite layer which
induces volumetric changes. Just like mountain forming in geography, the adjacent
earth plates move to together to produce highland and even mountain topography. In
Figure 3.10 (b), we could clearly see the rise up of perovskite topography. At higher
zoom up amplification in figure (c) and (d), the morphology is shown to be
homogeneous, even at the ridge structures. No pinholes or voids were present.

Unfortunally, after the deposition of the Spiro-OMeTAD, the HTM could not fully
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cover the perovskite layer as shown in Figure 3.9 (d) and (c). The schematic diagram
Figure 3.9 (e) demonstrates some raised perovskite topographies are not covered by
HTM from cross section, and makes top of perovskite grains exposed outside of
Spiro-OMeTAD layer. Therefore, short circuit occurred in the photovoltaic devices

and no photovoltaic performances could be measured.
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Figure 3.10 SEM images focusing on ridge structures of perovskite (brighter lines) at

various magnifications.

3.3.3 High efficiency FAMA perovskite by anti-solution method.

Above, we have realized the big-area FAMA perovskite deposition without artificial
dripping procedure and achieved dense big-sized FAMA perovskite layers via a
hot-casting method. However, we encountered morphology problems such as pinholes,
voids and the ridge topography in the perovskite layer which seriously negatively
affected the performances of the photovoltaic devices. Therefore, we adopted a

traditional anti-solvent dripping technology to improve the coverage and the
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homogeneity of the perovskite layers.

As shown above, in Figure 3.1 (bottom XRD pattern), the XRD pattern of the
prepared perovskite layer includes the yellow perovskite 3-phase at 11.58°, the Pbl,
phase at 12.7°, and the black perovskite a-phase at 14.3° .However, fortunately, the
black a-phase was the dominant one. The SEM top views of the layers in Figure
3.11(a), (b), (c) and (d), shows some bright small grains which grow up along the
perovskite grain boundaries. These bright small grains were found on the SEM
images for various amplifications. A first hypothesis was that these bright grains are
also perovskite grains like the bottom perovskite layer, their brightness in SEM
images being due to the sloping section of grains that gathers a lot of secondary

electrons (because of different grains orientation, such as sloping section and flat

topography).
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Figure 3.11 SEM top views at various magnifications of the FAMA perovskite layer

prepared via the general anti-solvent dripping method.
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Many scholars found phase separation and impurity phase in FAMA perovskite. We
first adopted the reflected backscattered-electron (RBSE) detection mode to identify
that bright grains are Pbl, phase in the same image by split screen technology (Figure
3.12). The RBSD mode is used to detect contrast between areas with different
chemical compositions. Actually, in RBSE the heavy elements appear brighter than
the light ones. In our case, FAMA perovskite consisted in Pb?*, I', Br and organic
groups. In here, the most heavy element is Pb. In the Figure 3.12, the RBSD signal
image shows the some bright grains compared to the grey perovskite grains. It
indicates that these bright grains are heavy element (Pb) rich. Therefore, we assign
these bright grains to Pbl,. However, the SE2 (secondary electrons) signal image just
displays the same contrast, so the SE2 signal image generally describes perovskite
morphology picture. Besides, it is noteworthy that we deliberately chose a sample
zone with pinhole defects in the perovskite layer to label the reference position more

easily.

Figure 3.12 Scanning electron microscopy (SEM) images of FAMA perovskite layer
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at the same position by spilt screen technology, using different electronic signals:
reflected back-scattered electrons (RBSD) in the left image, and secondary electrons

(SE2) in the right image.

To deeply understand the excited charge carriers dynamics in the layer,
time-correlated single-photon counting (TCSPC) experiments were conducted on the
pristine FAMA and MAPDI; perovskite layers deposited on glass, a charge blocking
substrate. Decay lifetime is a very important and exquisite index to quantitatively
evaluate change carriers dynamics in the perovskite materials. Especially for an
absorber material of a photovoltaic device, a long decay lifetime will make sure to
have enough time to extract electrons or holes and finally inject them into
corresponding extraction layers. Certainly, the fluorescence decay lifetime depends on
the properties of the material itself. For example, a low emission transition probability
and low non-radiative transition can prolong the decay lifetime. On the other hand,
some of point defects such as vacancy, interstitial particle and even foreign particle
are inevitable in the crystal lattice. These defect states can trap excited charge carriers,
lead to transfer from high excited energy levels to the defect state energy level which
indicates making fluorescence decay lifetimes short. Therefore, the comparative study
of decay lifetime change can indirectly provide a good estimation of the material
crystallographic quality.

As shown in Figure 3.13, we investigated fluorescence decay dynamics of pristine
FAMA perovskite and MAPbI; perovskite via the continuous deposited perovskite
technology with anti-solvent dripping procedure. On the normalized curves, we
obviously found a dramatic change of the decay dynamics. Compared to MAPbDI;
perovskite, the decay lifetime was considerably extended in the pristine FAMA
perovskite. It is noticeable that the initial decay rapidly dropped in MAPDbIs. This
phenomenon might be explained by the fact that on MAPbI; surface it exists a lots of
point defects, which induce charge carriers recombination. Actually, it is generally
admitted in the literature that the initial rapid decay is assigned to charge carrier

recombination on these point defects of perovskite surface.[10] Besides, the slow
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decay of a behind part is assigned to the free-carrier recombination in the bulk for
carriers propagating deeper in the material (crystal bulk has a better periodic lattice
and with less point defects).

In Chapter 4, we adopted a biexponential function to fit the pristine FAMA decay
curve, resulting in a s = 59.04 0.5 ns for fast decay component and tsjow = 1030.77
+2.0 ns for the slow decay component. On the other hand, the MAPDI; perovskite
decay curve was difficult to fit by a biexponential function. But it could be fitted by a
higher-order exponential function. It implies a more complex charge carrier dynamics
and decay physical mechanism. The pristine FAMA perovskite sample presents an
approximate linear decay curve over a large time scale, as same as some classic decay
of photoluminescence materials. It indicates that the pristine FAMA perovskite attains
a long decay lifetime, which supply enough time for injecting electrons and holes into
the corresponding extraction layers. This excellent charge carriers separation ability

paves the way to the achievement of very high efficiency FAMA perovskite solar

cells.
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Figure 3.13 Time-correlated single-photon counting (TCSPC) curves showing the
longer lifetime of charge carriers in the pristine FAMA perovskite film compared to
MAPDI; perovskite by two-step. The excitation wavelength was 470 nm.

The combination of the perovskite and the charge extraction layers is key to get
highly efficient PSCs. The charges separation and extraction have been investigated
by steady-state photoluminescence spectra measurements. We have investigated
FAMA deposited on various extraction layers, namely (i) FAMA-compact TiO; layer,
(i) FAMA- TiO; blocking/mesoporous layer, and (iii) FAMA-Spiro TiO; layer.

The pristine FAMA deposited on glass exhibited a strong PL emission centered at 783
nm and corresponding to a PL emission energy of 1.58 eV (Figure 3.14). The PL
intensity was heavily quenched when FAMA was deposited on various charge
extraction layers (see Figure 3.14), which indicates that electrons or holes were
efficiently extracted from the perovskite and were then injected into the corresponding
extraction layers. In addition, we also found a two emission PL peaks for
FAMA-Spiro sample assigned to the emission of the two layers. Actually, the hole
transporting material (Spiro-OMeTAD) has its own fluorescence when excited at 470

nm.
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Figure 3.14 Steady-state photoluminescence (PL) spectra of FAMA perovskite on
glass and combined with various electron and hole extraction layers: TiO,/compact
layer, TiO2/mesoporous layer and spiro-OMeTAD. (470 nm excitation wavelength)

The various electron and hole extraction layers combined with FAMA perovskite have
also been investigated by time-correlated single-photon counting (TCSPC)
measurements, namely (i) FTO/TiO,-compact electron extracted layer, (ii)
FTO/TiOz-compact/TiO,-mesoporous  electron  extraction  layer, and  (iii)
FTO/TiO,-compact/TiO,-mesoporous/PCBM electron extraction layer. Beside the
configuration of glass’lFAMA/Spiro was also investigated to get important
information on holes extraction. The decay dynamics results are consistent with the
steady-state PL spectra ones (Figure 3.15).

As discussed above, the pristine FAMA exhibited approximately a linear decay curve
and a good convergence character at tail decay curve. On the contrary, other electron
extraction layers displayed sharp a decay component. The decay curves analysis show
that the FTO/TiO,-compact layer extraction time is 11 = 490 ns, the
FTO/TiO,-compact/ TiO,-mesoporous is 101 = 236 ns, and the FTO/TiO,-compact/
TiO,-mesoporous/PCBM  is 11 = 16 ns. For the configuration of
Glass/Spiro-OMeTAD, the hole extraction time is 191 = 9.26 ns. (Here, 1o is the time
at which the initial photoluminescence intensity decreases by a factor 10. Because the
extraction layers usually demonstrate a rapid decay processe, this parameter permits a
quantitative evaluation of the quenching and then of the charge transfer speed[11]).
As above 1o results, the configurations of FTO/TiO2-compact/ TiO2-mesoporous
and FTO/TiO,-compact/TiO,-mesoporous/PCBM have excellent electrons extraction
properties. However, the planar configuration FTO/TiO,-compact electron extraction
layer displays a different decay process. At the beginning, this decay curve shows
obviously rapid decrease, indicating that it accepts electrons injection. And then it
appears a slow decay process which presents a linear convergence function. It implies
that planar TiO, compact layer cannot continuously supply an continuous electron

extraction ability. In other words, the planar TiO, compact layer just only extracts a
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few electrons at preliminary stage, and then cannot work effectively (i.e. electrons
injected flux is not enough). The linear convergence of decay curve completely agrees
with the above analysis. This fairly explains why TiOy/planar configuration cells
usually produce poor efficiency.[3]

In comparison, the hole injection from the valence band of the perovskite into the
highest occupied molecular orbital (HOMO) of Spiro-OMeTAD is more rapid than
the electron injection from the conduction band of perovskite into the conduction
band of TiO,. It could limit the device efficiency. Therefore, looking for a more rapid
injection electrons transport layer is a key element for PSCs with higher efficiency.
Therefore, we improved the extraction ability by using the FTO/TiO,-compact/
TiO,-mesoporous/PCBM configuration for the electron extraction layer. Compared to
101=236 ns of FTO/TiO,-compact/TiO,-mesoporous, this extraction time of 1o is
decreased to 16 ns and demonstrates the most rapid injection ability. The specific

photovoltaic metrics are discussed below in solar cell part.
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Figure 3.15 Time-correlated single photon counting (TCSPC) curves of pristine

FAMA perovskite deposited on glass and combined with various electron and hole

transporting layers: TiO,-compact layer, TiO,-compact/TiO,-mesoporous layer,
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TiO,-compact/ TiO,-mesoporous/PCBM layer and spiro-OMeTAD, respectively.

Perovskite solar cells have been fabricated with the various following structures:

(i) FTO/TiO,-compact/ TiO,-mesoporous/FAMA /Spiro-OMeTAD/Au

(if) FTO/Ti0,-compact/ TiO,-mesoporous/PCBM/FAMA/Spiro-OMeTAD/Au

We have investigated the photovoltaic (PV) properties of these different structures.
The photovoltaic metrics have been collected from the current-voltage J-V curves of
the champion FAMA devices shown in Figure 3.16. The parameters are an open
circuit voltage Vo, = 1176 mV, a short circuit current Js. = 23.06 mA/cm?, a fill factor
FF = 78.2%, and a power conversion efficiency (PCE) of 20.11%. The potential scan
rate was 25 mV/s. To confirm the stabilized PCE outputting (and eliminating the
scanning direction and speed effect), we tracked the maximum power point (MPP)
under standard AM 1.5G solar illumination. Inset of figure 3.16 shows the MMP
tracking for 60s, monitored at Vmax = 967 mV. The stabilized current output was 20.79
mA/cm?, yielding a stabilized efficiency of 20.11%. This result is consistent with the
J-V measurement, indicating that our J-V measuring parameters are reliable.
Generally speaking, the long-time tracking MMP results could fully present the reality

of the device operating status.

84



24

T T T T T
MPP
18 S
& 20.5
£
o 200
<<
§, 195
2 124
g gm,o
% & 185
= a
dtJ . 18.0
S 7 17.5
"+
0 10 20 30 40 50 60
Tracking time (s)
0 T ' T ' T l T ' T l
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 3.16 J-V curve of the best FAMA solar cell performing at 20.15% (Vo = 1176
mV, Jc =23.06 mA/cm?, and FF=78.2%), measured for a reverse scan rate of 25 mV/s.
The inset shows the MMP tracking for 60s monitored at Vimax = 967 mV and which

finally produced 20.79 mA/cm?, yielding stabilized efficiency of 20.11%.

We have seen above that the FTO/TiO,-compact/TiO,-mesoporous/PCBM structure
can collect very rapidly the photogenerated electrons in the perovskite. We fabricated
the corresponding FAMA-based PSCs, and the J-V curve parameters are collected
under the one sun standard AM1.5G solar illumination. In Figure 3.17, with the
PCBM layer, the photovoltaic device generates an open circuit voltage Vo = 1068 mV,
a short circuit current Js. =25.05 mA/cm?, and a fill factor FF = 68.6%, resulting in a
power conversation efficiency PCE of 18.35%. The potential scan rate was 25mV/s.
Compared to without PCBM layer, this device indeed improves short circuit current to
25.05 mA/cm?. We propose that, the more efficient electrons extraction increases the
short circuit current. However, it is noticeable that this device not has a good fill
factor of 68.6% that leads to an unsatisfactory device efficiency. The reason for fill

factor decrease in the presence of PCBM remains to be clarified.
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Figure 3.17 J-V curve of the best FAMA perovskite solar cell with and without
PCBM layer. The photovoltaic metrics details are listed at the bottom of the J-V

curves.
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Figure 3.18 J-V metrics for 30 FAMA perovskite independent devices, including Vo,
Js, FF, and PCE.

To demonstrate that my FAMA perovskite solar cells could be well reproduced by
anti-solvent dripping technology, the detailed inventories of photovoltaic metrics have
been averaged for about 30 independent FAMA PSCs. Figure 3.18 shows the
statistical distribution of these parameters. The FAMA devices showed an average
value of Vo, = 1104 mV, Jg. = 23.16 mA/cm?, and a FF = 78%, and a PCE of 19.80%.
The averaged photovoltaic metrics are close to the best performing FAMA device (Voc
= 1176 mV, a Jsc = 23.06 mA/cm?, FF = 78.2%, and a PCE of 20.11%). It indicates
that our fabrication of FAMA perovskite solar cells is reproducible and achieves high

efficiency.

3.4 Conclusion

In this chapter, based on thermodynamic phase transition theory AG.=RTIn(C,/C), we

have investigated the promotion of spontaneous crystallization and growth of FAMA
87



perovskite by the control of the supersaturation concentration of the precursor
solution. We developed two kinds of perovskite deposition technology, the simple
direct film-forming and the hot-casting methods. Firstly, the direct film-forming
without dripping process realized high purity perovskite a-phase. At the same time,
this technique could be used for deposition at the large scale, on large surface area, of
perovskite layers with considerable reproducibility by eliminating the artificial
dripping problem. Secondly, the hot-casting technology realized a dense, big-grains,
and high purity phase perovskite layer. This leads to further decrease grain boundaries
and its detrimental effect of charge carrier recombination enhancement. However, due
to morphological defects in the perovskite layer such as pinholes, voids and ridge
topography, these layers did not demonstrate excellent photovoltaic properties.

Then we adopted a deposition method with the dripping by an anti-solvent step to
trigger the layer crystallization. By using this technique, we finally realized high
efficiency and highly reproducible perovskite photovoltaic devices. In addition, we
have carried out a detailed investigation of the various charge extraction layers by
TCSPC and PL spectroscopy, and obtained sound conclusions about their effect on
charge carrier injection kinetics. We explained that the planar structure of
TiO,-compact electron transport layer (ETL) usually not attain excellent photovoltaic
properties due to slow charge injection. On the other hand, the TiO,-compact/
TiO,-mesoporous/PCBM ETL achieved much more efficient electron injection. Then
we conclude that the finding of a new electron transport material that could improve
electron injection would breakthrough a new solar cells record.

Finally, the best performing FAMA photovoltaic devices exhibited an open circuit
voltage Vo = 1176 mV, a short circuit current Jsc = 23.06 mA/cm?, and a fill factor FF
= 78.2%, resulting in a power conversation efficiency (PCE) of 20.11%. The
investigation of 30 independent devices demonstrated that the average photovoltaic
parameters are: Vo, = 1104 mV, Ji. = 23.16 mA/cm?, and a FF = 78%, and a PCE of
19.80%.
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Chapter 4 Multiple cations lead trihalide perovskite
for solar cells with higher stability, reproducibility

and highest efficiency.

4.1 Introduction

Although we reached high power conversion efficiency with the best PCE of 20.11%,
a persistent outputting at the maxima powder point (MPP) of 20.79 mA/cm?, and a
relative stability in perovskite solar cells (PSCs) based on FAMA, we found that the
just dual organic cation lead trihalide (such as: methylammonium (MA) CH3NH;" and
formamidinum (FA) CH3(NH,),") perovskite usually exhibits impurity phase which
usually includes the yellow B-phase perovskite and un-reacted Pbl, phase in the
photoactive black a-perovskite perovskite phase. Therefore, our work on the increase
of the perovskite complexity was motivated by the improvement of perovskite ABX;
structure stability, and by the obtaining of the perovskite phase with higher purity. In
general, the slight changing of perovskite structure and the distorting coordination
environment of perovskite structure by introducing other cations affect the phase
stability [1]. Adding more inorganic elements can increase the entropy of mixing [2],
leads to an excellent thermo-stability of perovskite and to the stability under PSC
continuous working in real operation environment.

In addition, recently, high efficiency PSCs have been prepared using Pb-based
multiple cations perovskites such as: CsMA [3], CsFA [4], CSFAMA [5], and even the
quadruple RuCsFAMA [6] and KCsFAMA [7] compositions. These perovskites
demonstrated surprising properties and merits. For example, CsFA/mixed halide
perovksite exhibited wide bandgap adjustment ability (from 1.55 eV to 2.2 eV),
delivering a complete tunability of the bandgap around 1.75 eV which is the optimum
bandgap for tandem silicon/perovskite solar cells [8]. The KCsFAMA based PSCs
demonstrated big-size, high quality grains and the devices achieved a 20.5% PCE
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almost hysteresis-free [7]. Besides, the RUCSFAMA PSCs attained an average PCE
about 20.2%, due to a high open circuit voltage at 1.24 V. This perovskite had a 1.63
eV bandgap and exhibited low non-radiative recombinations [9]. However, for
Goldschmidt tolerance factor of ABXjs structure, only the inorganic Cs® cations
incorporated into perovskite can satisfy a 0.8~1 index range, to stabilize ABXj3

structure [2] (except radioactive francium Fr* monovalent cation which radius is 1.80

A).
4.2 Experiments

Here, we introduce the detailed fabrication procedure of Cs5FAMA PSCs. We
adopted an anti-solvent dripping method to deposit the perovskite layer [10, 11].

It is noticeable that all the perovskite layers were fabricated at dry air atmosphere (the
relatively humidity was kept at 8%-10%, in a "dry-box" which is a not very harsh
term compared to under the low 1% relatively humidity used in Ref. [12] or under the
completely nitrogen atmosphere in Ref. [9]). Therefore, it implies that, even under not
harshly controlled atmosphere conditions, it is possible to prepare very high efficiency
PSCs. This would decrease the manufacture process requirements in the PSCs

industrialized production.

Substrates cleaning

The F-doped tin oxide coated glass (TEC7, Pilkington) was cut, and etched patterned
using HCI 10% and Zn powder. It was then cleaned for 20 min in a concentrated 2.5
mol.L™* NaOH ethanolic solution, rinsed with water, cleaned with a detergent, rinsed
with MilliQ water and dried with compressed air. The substrates were then annealed

30 min at 500<C on a hotplate.

TiO, compact and mesoporous layers preparations
A 20—30 nm dense compact layer of TiO, was deposited on FTO substrate via

spraying pyrolysis technology at 450 €€ which precursor solution was prepared by
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mixing titanium isopropoxide and acetyl acetone in isopropoxide (volume ratio is
3:2:35 ). Then a 150—200 nm thick mesoporous TiO, layer was deposited by
spin-coating. 40 uL of a solution of 30 nm TiO, particle paste (Dyesol 30 NR-D paste
diluted by ethanol with a 1:8 mass ratio) was deposited on the substrate and
spin-coated for 20s at 4000 rpm with an initial ramp of 2000 rpm/s. The mesoporous
layer was dried at 100 <€ and immediately sintered at 500 <€ for 30 min on a hotplate
under dry air flux.

TiO,/PCBM electron transport layer

For studying PCBM (a fullerene derivative, [6,6]-phenyl-C61-butyric acid methyl
ester) to investigate the electron injection enhancement, a 15 mmol PCBM in
acetonitrile (ACN) solution was prepared. 50 pL of this solution was deposited on the
FTO/TiO,-compact/TiO,-mesoporous substrate and spin-coated at 4000 rpm for 20 s
(the acceleration was 2000 rpm/s). After that, these PCBM coated substrates were
placed on a hot-plate for 10 min at 100<C, and cooled down before to proceed to the
perovskite deposition.

Li-treatment of mesoporous TiO, was accomplished using a solution of 22 mg
Li-TFSI in 1.5 mL acetonitrile. 50 uL of this solution was spin-coated at 4000 rpm for

30 s and then the sample was annealed at 500 <C for 30 min.

Perovskite layers preparations

The multiple organic monovalent cation perovskite compounds with the following
formula were prepared: FAgsMAg17Pb(lpg3Broi7)s and Cs-doped triple cation
perovskite CsxFA(s3sMA17Pb(lpg3Broa7)s (x=0.05 and 0.1). The multiple cations
perovskite precursor solution was prepared by mixing FAI (1M), MABr (0.2M), Pbl,
(1.1M) and PbBr; (0.22M) in anhydrous DMF and DMSO (volume ratio is 4:1).

For the triple cation perovskite, Csl (1.5M) pre-dissolved solution was mixed into
perovskite precursor to get the desired triple cations perovskite composition. In
addition, we know that the excess lead iodide introduction is good at improving
perovskite electronic properties from report.[13, 14] 45 uL of perovskite precursor

solution was spin-coated on FTO/TiO,-compact/TiO,-mesoporous substrate at 1000
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rpm for 10 s and 6000 rpm for 30 s. During the second step, after 20s, 100 uL of
anhydrous chlorobenzene anti-solvent was dripped on the sample. The coating
perovskite layer was then annealed at 100 <€ for 1 hour on a hotplate.

For the aging experiment samples, the coating perovskite layer was heated at 130 €

for 3 hours under the dry air atmosphere.

Hole transporting layer and back contact preparations

After the perovskite layer annealing, the substrates were cooled down for a few
minutes. In here, Spiro-OMeTAD was used as the hole transporting materials (HTM)
layer. Spiro-OMeTAD precursor solution was doped with
bis(trifluoromethylsulfonyl)-imide lithium salt solution (Li-TFSI, Sigma Aldrich),
tris(2—1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(I11)-tris(bis-(trifluoromethylsulfo
nyl)imide) (FK209, Dynamo), and 4-tert-Butylpyridine (tBP, Sigma Aldrich). The
molar ratio of additives for Spiro-OMeTAD was: 0.5, 0.03, and 3.3 for Li-TFSlI,
FK209 cobalt complex and tBP respectively. The detailed preparation protocol of
Spiro-OMeTAD solution is the same as in chapter 3. A 35 pL aliquot of the
Spiro-OMeTAD solution was spin-coated at 4000 rpm for 20 s.

Finally, the device was completed by thermally evaporating a 70—80 nm thick gold
back electrode on the Spiro-OMeTAD layer.

4.3 Results and discussion

Here, we mainly discuss about the effect of Cs” cation mixing with methylammonium
(MA) and formamidinum (FA) on the phase purity, thermo-stability, and high
crystallinity of perovskite. We show that Cs* leads to less defects and long excited
carriers lifetimes which ensure the effectively extraction of free charge carriers and
injection into ETL and HTL. At the same time, we investigated the use of CSSFAMA
perovskite absorber to fabricate photovoltaic devices which achieved a high power

conversion efficiency of 20.67% and a stabilized current output of 21.86 mA/cm?.
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4.3.1 The nucleation kinetics of perovskite

Firstly, we have investigated the nucleation kinetics of CsSFAMA and FAMA after
anti-solvent dripping. Figure 4.1 shows that the two compounds exhibit dramatically
different kinetic behaviors at the beginning of the nucleation process. At first, just
after the injection of the anti-solvent on the prepared precursor film, a sharp rise of
absorption intensity (in 40 s) was observed, which indicated that a speedily
heterogeneous nucleation was occurring at solution interface [11, 15]. It was followed
by a continuous increase at longer times due to a slower nucleation and growth. It
implies that perovskite was rapidly nucleated after dripping and gradually continue to
growth at longer time even before the annealing treatment. In comparison, the
absorption intensity of CSSFAMA is always higher than the absorption of FAMA. It
indicates that Cs* embedded into FAMA definitely improved the nucleation process

before annealing.
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Figure 4.1 Nucleation kinetics tracking for CsSSFAMA and FAMA, upon anti-solvent
dripping. The anti-solvent was rapidly dripped after 100s on prepared precursor
thin-film. The absorbance was recorded every 6 seconds and monitored at

495~500nm wavelength.
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4.3.2 Nature of fluorescence mechanism in CsSFAMA perovskite

Figure 4.2 shows the absorbance spectra of FAMA and Cs5FAMA layers deposited on
glass and on TiO, underlayers and after their annealing at 100<C. The perovskite
materials absorb light over a large wavelength range in the visible and in the
near-infrared region. They present a high absorbance, especially below 500 nm. The
high absorbance shows that the crystal nuclei rapidly further grew by annealing to

form condensed and mature perovskite grains.
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Figure 4.2 Ultraviolet-visible (UV-vis) absorption spectra of FAMA and Cs5FAMA
on the TiO, and glass substrates. The normalized photoluminescence (PL) spectra of

FAMA and Cs5FAMA on glass substrate are presented on the same figure.
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Figure 4.3 Tauc plots at the near optical bandgap edges of both absorption spectra,

which show that Cs5SFAMA bandgap is 1.58 eV and FAMA bandgap is 1.60 eV.

The Photoluminescence (PL) spectra are presented in the same Figure 4.2. The
emission peak of CsS5SFAMA is slightly blue-shifted (5 nm) compared to FAMA. The
absorbance spectra have been plotted as a Tauc plot in Figure 4.3. We found that the
Cs5FAMA optical bandgap edge was red-shifted to 1.58 eV compared to FAMA
measured at 1.60 eV. This implies that CsSSFAMA absorber could obtain a wider scope
of wavelength to be excited, consequently giving rise to a slightly improved
Cs5FAMA PSCs short circuit current (Jsc) (we will show below that the Jg increased
from 23.31mA/cm? to 24.1mA/cm?, when Cs5FAMA absorber was used to instead of
FAMA in the PSCs).

The calculated emission energy of PL at ~1.59 eV (Figure 4.4) is basically equal to
the Cs5FAMA forbidden band gap of 1.58 eV. It indicates that the CsSFAMA
perovskite is a direct semiconductor like typical MAPbI; perovskite [16]. In direct
semiconductors, the conduction band (CB) bottom and the valence band maximum
(VB) have the same position in Brillouin zone. Electrons are directly excited without

phonon momentum and the electron-hole pair recombination produces a highly
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efficient photoluminescent emission [9, 13].
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Figure 4.4 Steady state photoluminescence spectrum of CSSFAMA perovskite on the

glass substrate. It shows that the PL emission energy is about 1.59 eV.

The PL emission mechanism diagram is proposed in Figure 4.5. For PL mechanism
proposal, it will help us to deeply understand excitons dissociation and decay. (a) In
Cs5FAMA, Electrons are photo-excited and transferred to the conduction band. When
high energy light irradiates perovskite, electron can be transferred to higher
excited-states. Internal conversion to the relative lower excited-state in conduction
band takes place, and then direct recombination with holes occurs and realizes a 1.58
eV emission. When excited at the band gap energy, i.e. 1.58 ev, electron realized band
gap transition to the lowest energy level in the conduction band. In the recombination
process, electrons are directly transferred to the ground state in valence band and
produce a 1.58 eV emission.

However, in the case of FAMA, the PL energy is 1.58 eV (see Figure 3.14 in chapter 3)
that is less than the FAMA forbidden bandgap of 1.6 eV. It means that it exists a
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non-radiative transition processes from low energy level excited state to some defect
centers (the defects and impurity phase will be discussed below in perovskite phase
analysis section), and they are located under the conduction band (CB) bottom. When
electrons return to the ground-state, they firstly undergo a nonradiative transition to
defect energy levels, and then they recombine with holes to produce a 1.58 eV

photoluminescence emission (Figure 4.5b).
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Figure 4.5 Photoluminescence mechanism of CsSFAMA and FAMA. (a) Proposed
excitation and photoluminescence mechanism in Cs5FAMA perovskite. (b) Proposed

excitation and photoluminescence mechanism in FAMA perovskite.

4.3.3 Discussion on the phase changes in perovskite

We have just discussed about the PL mechanism and found a non-radiative transition
in the emission process of the FAMA perovskite. In general, the perovskite phase also
contains other phases such as the un-reacted Pbl, phase and yellow 5-phase perovskite,

which induce some defect centers and vacancies. FAMA perovskite is prepared during
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a long time and high temperature heating annealing process, which produced a series
of defects especially due to organic cations decomposition and evaporation under the
relative high annealing temperature [17]. Besides, Hoke et al. reported that, in the
case of MAPDb(IBri1.x)s soaking with light, induces a halide segregation within the
perovskite [18]. Hence, these various vacancies and defects will enable defect energy
levels in the material bandgap. While excited electrons are send into the conduction
band and leave holes in the valence band, due to the electrostatic Coulomb force, the
excited electrons and a holes are attracted each other to form bound state of exciton. If
this exciton is bounded to the defect energy levels (i.e. defect centers), it is generally
deemed that these excitons are combined with these defect centers which will produce
some independent energy levels in the forbidden band of semiconductor. When
electrons from these defect energy levels return to the ground state, they emit a certain
irradiation energy of photoluminescence. In our FAMA case, we indeed discovered
the energy loss from PL spectra energy calculation compared to the optical band edge
absorption. Hence, we think that the defects exist in FAMA bulk perovskite, and the
non-radiative transition happened between conduction band and independent defect
energy levels. This transition process is not beneficial for either electroluminescence
or photovoltaic devices. In photovoltaic devices, these bound state excitons are
trapped into defect energy levels, lead to the fact that the electrons cannot be fully
extracted by the electron transport layer (ETL) and cause a reduction of the efficiency
of solar cells. We need to further study perovskite phase purity, phase stability and

defects.

Therefore, we investigated perovskite phase change and crystallization properties for
the two perovskite compositions (i.e. CsSSFAMA and FAMA) upon annealing at 100C.
Figure 4.6 shows the corresponding x-ray diffraction (XRD) data. The presence of Cs
cations in the lattice improves the photoactive black a-phase purity. We did not found
the yellow &-phase at 11.58°and Pbl, phase at 12.7°, 38.8°in Cs5FAMA perovskite
XRD pattern (Figure 4.6). On the other hand, FAMA perovskite exhibits impurity
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phase, such as Pbl, phase at 12.7° and 38.8°, and also non-photoactive 5-yellow phase
at 11.58°. This indicates that a slight energetic disorder in the perovskite matrix
definitely promotes the phase purity. In addition, increasing the perovskite complexity
is motivated by the need to improve the materials stability by adding more inorganic
elements and increasing the entropy of mixing, which can stabilize ordinarily unstable
materials (such as the “yellow,” non-photoactive phase of FAPbI; that can be avoided

adopting small amounts of the otherwise unstable CsPbl;.[9]
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Figure 4.6 X-ray diffraction (XRD) patterns of Cs5SFAMA and FAMA perovskite
layer. Here, the symbol * is F-doped tin dioxide, the # is the un-reacted Pbl, phase, &

marks the non-photoactive yellow phase and a is the photoactive black phase.

In Figure 4.7, the scanning electron microscope (SEM) morphology image of FAMA
reveals that some brighter grains are grown up from perovskite grains (grey color)
boundary. However, Obviously Cs5FAMA image just displays legible and
homogeneous grains. Although many scholars found separating phases and impurity

phases in FAMA, we firstly rely on reflected back-scattering electron (RBSE) signal
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to identify bright grains as the Pbl, phase by the split screen technology (just as we
discussed and analysized about Pbl, phase was mixed in the FAMA perovskite,
detailed content in Figure 3.12). This finding is in good agreement with the XRD
patterns of FAMA which exhibited clearly sharp Pbl, diffraction peaks at 12.7°and
38.8° (Figure 4.6).

Figure 4.7 Top view of scanning electron microscope (SEM) images of (a) FAMA

and (b) Cs5FAMA perovskite layers.

4.3.4 Discussion on the perovskite thermo-stability

We think that the unstable yellow phase and the Pbl, phase may induce the
decomposition of the black phase of perovskite at rather high temperature operating
conditions. (Above 85<C which, according to the international regulations, must be
withstanded by commercial PV products [8]) .

Therefore, we studied the perovskite aging processes and thermo-stability upon
heating at 130°C for 3 hours. Here, it is noted that a 130 °C heating treatment is an
extremely severe challenge for hybrid perovskites and aims at realizing rapid aging
experiments. Figure 4.8 clearly shows that a lot of Pbl, grains grew on FAMA surface
after heating. On the other hand, the formation of Pbl, phase grains was effectively
reduced in case of Cs5FAMA perovskite and the Pbl, grains presented schistose

morphology on the perovskite.
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Figure 4.8 SEM images of (a) FAMA and (b) Cs5FAMA layers after a heating
treatment at 130 <C for 3 hours.

These results are consistent with both composition perovskite XRD data after aging
experiment. We found that the Pbl, diffraction peaks completely dominated in the
XRD patterns of FAMA perovskite in Figure 4.9. The Pbl, diffraction peak intensity
strongly increases at 12.7°and 38.8° respectively (the black solid line), compared to
the FAMA pattern before aging. At the same time, the photoactive black a-phase was
seriously reduced at 14.7° (the red dashed line). It indicates that the black a-phase is
gradually converted into Pbl, phase, which also implies that this composition is not
thermo-stable.

On the other hand, the Cs-doped perovskite still obviously preserved the black
a-phase perovskite at 14.7°and its intensity was still higher than the Pbl, one which
appeared with the heating treatment (Figure 4.10). These results show that Cs-doping
of FAMA does not only promote the a-phase purity, but also boosts the perovskite
thermo-stability that could be a key advantage for persistent operation under full-sun

illumination.
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Figure 4.9 XRD patterns of FAMA before (red dashed line), and after (black solid
line) an heating treatment at 130 <C for 3h.
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Figure 4.10 XRD patterns of Cs5FAMA before (red dashed line), and after (black

solid line) an heating treatment at 130 <C for 3h.
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4.3.5 The charge carriers lifetimes

To further survey the charge carrier injection situation, the charge carrier dynamics
were quantitatively investigated in the pristine perovskite via time-correlated
single-photon counting (TCSPC) measurements. We have estimated the charge
carriers lifetimes of the pristine CsSSFAMA and FAMA through two approaches: by
calculating the average lifetime (Equation 4.1) and by adopting a general
biexponential function to fit the decay curves (Equation 4.2). In Figure 4.11,
Cs5FAMA presented an extremely long decay-time with a mean calculated value
Tmean = 1.573 us. Fit with the biexponential function results in T = 115.5 £1.5 ns for
the fast decay component and 10, = 1340.8 2.3 ns for the slow decay component.
Both methods are in good agreement. On the other hand, FAMA exhibited a lower
decay lifetime with tmean =1.089 us, while the fitting results are g = 59.04 £0.5 ns
for fast decay component and tsow = 1030.77 £2.0 ns for slow decay component. In
previous reports, the fluorescence decay dynamics reflected by the slow-decay
component Tgon Was assigned to the free carrier recombination in the grain bulk and
the fast-decay component, T, to free carrier recombination at the grain surface [19].
Due to the promoted phase purity and defects decreasing in the CSSFAMA phase, we
found that the decay lifetime was prolonged in CsSFAMA compared to FAMA. It
implies that the charge carrier recombinations were suppressed in a large extent either
at the surface and in the bulk of perovskite. In addition, the longer charge carrier
lifetime can be related to weaker exciton effects in bandgap and high purity a-phase
effectively reduce recombination at defect centers, which paves the way to the
achievement of very high efficiency PSCs.

The mean lifetime of decay curves formulae is:

J t1(vat

T ifetime = oo —— Equation 4.1
average lifetime fooo I(Ddt q

The bi-exponential decay formulae is:

y = Ar*exp(-t/ty) + Ax*exp(-t/tp) + Yo Equation 4.2
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Figure 4.11 Time-correlated single-photon counting (TCSPC) curves showing the
longer lifetime of charge carriers in the pristine Cs5SFAMA perovskite film, compared

to FAMA.

4.3.6 Design and discussion of the charge extraction layers

The combination of the perovskite and the charge extraction layers is key to get
highly efficient PSCs. The charges extraction and separation have been investigated
by steady-state photoluminescence spectra measurements and by time-resolved
photoluminescence. We have investigated CsSFAMA deposited on various extraction
layers, namely (i) FTO/TiO,-compact layer, (ii) FTO/TiO,-compact/
TiO,-mesoporous layer, and (iii) FTO/TiO,-compact/ TiO,-mesoporous/PCBM layer.
The hole extraction layer was investigated on configuration of Glass/Spiro-

OMeTAD.
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Figure 4.12 Steady state PL spectrum of CsSFAMA showing the emission intensity
guenching on the electrons transport layer (ETL). The investigated substrates are glass,
TiO, compact layer, TiO, mesoporous layer and Spiro-OMeTAD (on top of
Cs5FAMA).

Firstly, the pristine Cs5SFAMA deposited on glass exhibited strong PL intensity at 778
nm with a 50 nm FWHM (Figure 4.12). However, PL intensity was heavily quenched
when deposited Cs5FAMA was deposited on an extraction layer, which indicated that
electrons or holes were efficiently extracted from perovskite and were then injected
into the corresponding extraction layers. We can also note that in the case of FAMA
perovskite, the various extraction layers PL spectra followed the same quenching
trend (see Figure 3.14 in Chapter 3). These observations indicate that steady state PL
measurements are very precise.

The various layer combinations for Cs5FAMA have also been investigated by
time-correlated single-photon counting (TCSPC). The results are consistent with the
steady-state PL spectra ones (Figure 4.13). Here, the pristine CsSFAMA exhibited a

completely linear decay and good convergence character at tail decay curve.
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(Generally speaking, linear slow decay indicates that the probability of excited charge
carriers transfer from a certain excited state energy level to another level is very low
and the good convergence character of decay curves imply that the detector detects
excited charge carriers having high probability at that time range. On the contrary,
other electron extraction layers displayed sharp decay component. The curve analysis
shows that the FTO/TiO,-compact layer lifetime is 191 = 327 ns, the
FTO/TiO,-compact/ TiO,-mesoporous is 191 = 108 ns and the FTO/TiO,-compact/
TiO,-mesoporous/PCBM is 191 = 80 ns. (Here, 191 Which is the time at which the
initial photoluminescence intensity decreases by a factor 10). We can note that
although FTO/TiO,-compact layer can rapidly extract electrons at the beginning, there
is a changeover to a linear decay and has a convergence state in the tail of decay curve
(which represents excited charge carriers has a high probability to exist in certain
excited energy levels. On the contrary, the divergence state represents low rate
happening). It indicates that electrons are difficult to completely and continuously
inject into FTO/TiO,-compact (injected flux not enough). This fairly explains why
TiO,/planar configuration cells usually produce poor efficiency.[20] On the contrast,
the FTO/ TiO,-compact/TiO,-mesoporous and the
FTO/TiO,-compact/TiO,-mesoporous/PCBM  samples present a different shape
(Figure 4.13). In this case, electron extraction layer display a rapid decay process and
divergent character at the end of decay curves. It shows that these structures can
efficiently extract the electrons from Cs5FAMA perovskite. We think that the 3
dimensionality mesoporous layer realizes a more specific interface which improves
the contact area with perovskite. It increases the electron injection flux compared to
the planar structure.

In the case of Spiro-OMeTAD contact, the charge (hole) injection is even much faster.
The configuration of Glass/Spiro-OMeTAD realized an extraction time as low as o1
= 7.6 ns. Therefore, the injection speed for holes is more than two orders of
magnitude higher that for electrons. The configuration of FTO/TiO,-compact/
TiO,-mesoporous/PCBM produces the best electron injection ability. It is explained

based on the energy diagram presented in Figure 4.14. The PCBM layer introduces an
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energy level located in-between that of the conduction band of perovskite and of TiO,.
Moreover, PCBM molecules could passivate TiO, surface defects. Therefore, the
presence of this layer facilitates the electron injection and its transfer towards the

TiO, layer. The corresponding photovoltaic device’s parameters will be discussed

later.

14
S
5 Cs5FAMA
2 013 CsSFAMA-meso
2 Cs5FAMA-compact
2 Cs5FAMA-PCBM
T Cs5FAMA-spiro
S
g 0.01
2 E

0 200 400 600 800 1000 1200 1400
Decay time (ns)

Figure 4.13 Time-correlated single-photon counting (TCSPC) curves of pristine
Cs5FAMA perovskite deposited on glass and combined with various electron and
hole transport layers: FTO/TiO,-compact layer, FTO/TiO,-compact/TiO,-mesoporous
layer, FTO/TiO,-compact/ TiO,-mesoporous/PCBM layer and Spiro-OMeTAD.
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Figure 4.14 Energy level diagram of various layers in perovskite solar cell.

4.3.7 The properties of CsSFAMA perovskite solar cells

Perovskite solar cells have been fabricated with the various following structures:

( 1)FTO/TiO,-compact/TiO,-mesoporous/FAMAperovskite/Spiro-OMeTAD/Au(for
reference),
(11)FTO/TiO,-compact/mesoporous/Cs5FAMAperovskite/Spiro-OMeTAD/Au,
(1i1)FTO/TiO2-compact/mesoporous/PCBM/Cs5FAMA/Spiro-OMeTAD/Au.

We have investigated the photovoltaic (PV) properties of these devices. The
photovoltaic (PV) metrics are collected from current-voltage J-V curves of the
champion Cs5FAMA devices in Figure 4.15, in which are an open circuit voltage Vo
= 1104 mV, a short circuit current Js. =24.19 mA/cm?, and a fill factor FF = 77.4%,
resulting in a power conversion efficiency PCE of 20.67%. The potential scan rate
was 25 mV/s. To confirm the stabilized PCE outputting (and eliminate the scanning
direction and speed effects), we tracked the maxima power point (MPP) under
standard AM 1.5G solar illumination. Inset of Figure 4.15 shows the MMP tracking
for 60s monitored at Vimax = 944 mV. The stabilized current output was 21.86 mA/cm?,
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yielding a stabilized PCE of 20.64%. This result is consistent with the J-V
measurement, indicating that our J-V measuring parameters are reliable. Generally

speaking, the long-time tracking MPP results could completely present the reality

device operating status.
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Figure 4.15 Current density/voltage (J-V) curve of the best Cs5FAMA solar cell
performing at 20.67% (Voc = 1104 mV, Jic =24.19 mA/cm?, and fill factor 77.4%),
measured at scan rate of 25 mV/s. The inset shows the maximum power point (MPP)
tracking for 60s monitored at Vinax = 944 mV and finally producing 21.86 mA/cm?,
yielding a stabilized efficiency of 20.64%.
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Figure 4.16 A typical J-V curves of CsSFAMA device measured in the forward and

reverse potential scan directions (potential scan rate at 25 mV/s).
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Figure 4.17 External quantum efficiency of the best performing CsSFAMA solar cell,

the integrated short circuit current density is 23.6 mA/cm?.
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Perovskite solar cells are reported to present a hysteresis between the forward and the
reverse scans of the J-V curves. The amplitude of this hysteresis depends on the
system, on the selective contacts and on the quality of the interfaces. It is generally
admitted that hysteresis is related to the accumulation of mobile ions (and ion
vacancies) at the interfaces near the contacts due to ion migration under an electric
field. It alters the band structure at the interface and modulates the barrier heights for
electron/hole collection. Some authors have suggested that defects and vacancies
seriously affect the transport of free charges, especially under the short circuit
condition, the free charges will be removed from defects states and lead to more or
less current changes [21, 22]. Besides, the ionic polarization in devices might be
attributed to methylammonium cation migration under the light excitation, and
ferroelectric effects [23]. Because of various perovskite compositions, configuration
of device, and different experiment technologies, it is difficult to get a harmonized
view of the phenomenon. However, we believe that a good thermo-stability, a high
crystallization, and less defect states in the perovskite absorber are important to get an
efficient, stable, and reproducible photovoltaic device.

In our case, we investigated hysteresis effect in CsSSFAMA device by measuring the
cells both under reverse and forward voltage scan directions. In Figure 4.16, the J-V
curves of Cs5FAMA device are almost hysteresis-free. Generally speaking, the
persistent power outputting is traced at the maxima power point that can completely
overcome to estimate uncorrected value of efficiency which is affected by hysteresis
effect. In addition, the integrated photocurrent densities obtained from the external
quantum efficiency (EQE) spectra of the CsSSFAMA device closely agrees with the Js
determined from the J-V curves of the solar device.

To demonstrate that CsSSFAMA device properties are better than the FAMA ones, we
remind here the best performing FAMA-based device metrics: a Vo = 1176 mV, a Jy
=23.06 mA/cm?, and a FF = 78.2%, resulting in a PCE of 20.11% taken a scan rate at
25mV/s (in Chapter 3).

Moreover, for demonstrating that Cs5FAMA PCEs are more efficient and

reproducible than FAMA devices, the detailed inventory of photovoltaic metrics have
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been averaged for about the 30 FAMA and 40 Cs5FAMA independent devices. Figure
4.18 shows the statistical distribution of photovoltaic metrics. CsSFAMA devices
showed an average value of Vo, = 1106 mV, a Js. = 23.84 mA/cm?, a FF = 76%, and
having a PCE of 20.2 %. FAMA devices demonstrate an average value of Vo, = 1104
mV, Jc = 23.16 mA/cm?, and a FF = 78%, and having a PCE of 19.8% in FAMA
devices. In comparison, the CsSFAMA PCEs were more reproducible and provided a
higher efficiency than in FAMA devices. This is in good agreement with the analysis
of perovskite detailed above which showed a high phase purity, less defects, and
reduced non-radiation loss for CSSFAMA.

Besides, FAMA bandgap is 1.60 eV, while it is 1.58 eV for CSbFAMA. It is
noticeable that the bandgap slight red shift may have some impact on short circuit
current Js. because a wider light wavelength range can be harvested by the absorber.
Therefore, the CsSSFAMA device exhibited higher Js. values than FAMA (the average
Jsc value is 23.84 mA/cm? compared to 23.16 mA/cm?). Moreover, it is interesting
that the open circuit voltage V. values are not seriously affected by the bandgap red
shift (although the champion of FAMA device is slightly higher than that of the
Cs5FAMA device), because of increasing non-radiative recombination loss in defects
centers in FAMA perovskite that lead to V. cannot reach the conventional true value

of open circuit voltage.

114



1.15
» .
e **
*5e 24
S .o . e
o 1104 4
S *s s * <
o S
oY =
.I :
@
- =
P . 423
1.05 ool
T T T T
e
205
0.80
*e
sel o =
A4 X
= LR4P . * S
X ** ¢V oo % e > 8 .o =
< I *
w . o * LA P B YL AL S {2009
TN P o®e P 4 -t o o * *
< ¥ *e. S e .0
eo‘zg.’.’. * P A’. -
0754 cby * 00. » LN
* o -
¢ e . 0_{.‘ 195
° ©
T T T T
FAMA Cs5FAMA FAMA Cs5FAMA

Figure 4.18 J-V metrics for 30 devices of FAMA and 40 devices of CS5FAMA,

including Vo, open circuit voltage; Js, short circuit current; FF, fill factor; PCE,

power conversion efficiency.
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Figure 4.19 J-V curves for devices with various perovskites in the different

configuration of perovskite solar cells measured with a reverse scan rate at 25mV/s.

Table 4. 1 J-V curve parameters of the best solar cells presented in Figure 4.18.

Configuation/Perovskite | Voo (MV) | Jsc (MA/cm?) | Fill factor (%) | PCE (%)
Cs5FAMA 1104 24.19 77.4 20.67
Cs10FAMA 1056 21.55 78.4 17.87
FAMA 1176 23.06 78.2 20.11
PCBM/Cs5FAMA 1096 24.61 73.9 19.96

We have shown above that adopting the FTO/TiO,-compact/TiO,-mesoporous/PCBM
layer for electrons extraction layer can increase the extraction speed. A consequence
was a TCSPC curve with a rapidly decay trend 11 = 80 ns, while using the normal
electron extraction layer (i.e. TiO,-compact/ TiO,-mesoporous configuration), it was
To.1 = 108 ns.

According to J-V measurements, the photovoltaic J-V curves were recorded in Figure
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4.19 and photovoltaic (PV) metrics in the table 4.1, where a Voc = 1096 mV, Jg
=24.61 mA/cm?, and a FF = 73.9%, resulting in a PCE of 19.96%. We noted that here
the Jgc value is higher than TiO,-compact/ TiO,-mesoporous configuration. It indicates
the TiO,-compact/TiO,-mesoporous/PCBM electrons extraction layer indeed could
effectively extract electrons and that the electrons were efficiently injected. This leads
to improve Jg of the device.

In addition, we also investigated the high concentration Cs10 doped FAMA perovskite.
As was shown in Figure 4.19, the photovoltaic metrics are decreased compared to
Cs5FAMA device, with a Vo = 1056 mV, a Js; =21.55 mA/cm?, and a FF = 78.4%,
resulting in a PCE of 17.87%. SEM images of Cs10FAMA perovskite displayed small
crystal grains compared with CsSSFAMA under the same amplification (Figure 4.20).
The relative low performance might be due to high charge carriers recombinations at
grains boundaries, because the small size grains are accompanied by more grains

boundaries.

Figure 4.20 Top views of scanning electron microscopy (SEM) images of (a)

Cs5FAMA and (b) Cs10FAMA perovskite layers. The scale bar is 500 nm.

A preliminary study of the Cs5SFAMA cell stability was carried out. Figure 4.21 shows
that the unencapsulated Cs5FAMA photovoltaic device output persistent current was
21.83 mA/cm?. It produced a steady-state PCE of 20.6% during 5 minutes under room

ambient conditions without any inert atmosphere protection. The stable outputting
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state indicates that the CSSFAMA device is stable and that high efficiency is reached

under closely real working conditions via tracking MMP experiment for 5 min.
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Figure 4.21 MPP tracking for 5 minutes of unencapsulated CsSFAMA device placed

under ambient conditions, yielding a stabilized current density of 21.83 mA/cm? and a

stabilized efficiency of 20.6 %.

4.4 Conclusion

In this chapter, we have thoroughly investigated the effect of adding 5% of Cs cation
into dual cations FAMA perovskite. Our analysis of the early period nucleation
kinetics before heating treatment has shown that the addition of Cs favors
heterogeneous nucleation compared to FAMA. This dramatically distinct Kkinetics
changing has indicated that the system Gibbs free energy was decreased and that the
spontaneous nucleation reaction was promoted in CsSSFAMA precursor solution. The
XRD patterns comparison between CsSFAMA and FAMA perovskite showed that Cs

cations introduction into the perovskite matrix reduces the possibility of phase
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segregation and promotes the photoactive black a-phase purity. At the same time, this
higher phase purity further protects the perovskite from phase decomposition under
high temperature operating conditions. It is a key element to make sure that solar cells
can be operated in a stable manner under the international standard at 85<Celsius. As
we know, the first step of the photoluminescence mechanism is light absorption which
produces the excited charge carriers. There have been few studies on the
photoluminescence mechanism in hybrid perovskites. According to our analysis of the
absorption and fluorescence spectrum of CsSFAMA, and their comparison with the
FAMA ones, we propose a different photoluminescence mechanism for the two
perovskites. Due to the presence of defect states and the relatively large binding
energy at the defect centers in FAMA perovskite, some excitons were bounded at
defect centers (like some point defect and vacancies) which is introduce by impurity
phases in FAMA. It is in good agreement with the decay lifetime which was different
for the two different compositions. The higher crystal quality of CsSFAMA gave rise
to a longer decay lifetime. In addition, we designed the electron extraction layer of
TiO,-compact/TiO,-mesoporous/PCBM  that possesses the most rapid electron
injection speed and then exhibited the highest Ji. (24.61mA/cm?) attained in the
configuration of FTO/TiO,-compact/TiO,-mesoporous/PCBM/Cs5FAMA/Spiro/Au
PSCs. The comparison of the charge extraction speed between ETL and HTL, shows
that the electron transport material and configuration limit the photovoltaic device
performance and that it was important to optimize this extraction layer.

Finally, we achieved high efficiency, reproducibility, and stability with Cs5SFAMA
perovskite solar cells. These photovoltaic devices exhibited at best an open circuit
voltage V. = 1104 mV, a short circuit current Jsc =24.19 mA/cm?, and a fill factor FF
= 77.4%, resulting in a power conversation efficiency PCE of 20.67%. The average
photovoltaic metrics were a Vo = 1106 mV, a J. = 23.84 mA/cm?, a FF = 76%, and

having a PCE of 20.2 % for 40 pieces of independent devices.
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General conclusion and perspectives

Perovskite solar cells are attracting more and more attention in the photovoltaic
device field due to a continuous increase of power conversion efficiency within a few
years. These rapid progresses are the results of the intensive studying and research
activities in the perovskite scientific ‘hot point’ field. They are all the more
remarkable that the single-junction silicon solar cells have spent almost 40 years for
achieving high efficiencies above 20%. The development of researches on the
perovskite material itself, on extraction layer matching and on the device structure are
important footstones for realizing highly efficient, stable, reproducible perovskite

solar cells.

In this thesis work, we aimed at achieving high efficiency perovskite solar cells and at
having a good understanding of the perovskite photovoltaic devices, with a special
attention on the role of the hole blocking layer, the extraction ability of electrons
transporting layer, the design of highly effective electron extraction layers, the
excellent crystallinity of multiple cation perovskite and so on. Firstly, we focused on
traditional TiO, electron transporting layer preparation by different techniques. We
investigated how the thickness, phase, and morphology of TiO, hole blocking layers
affect the cells functioning. Adopting the optimal TiO;, hole blocking layer, we
attained a relatively high efficiency of 17.49% in the CH3NH3Pbl; solar cells.
Subsequently, we focused our research on the multiple cations perovskites (i.e.
Cs5FAMA and FAMA), obtained the pure photoactive black a-phase, less defect, and
high crystallinity. Finally, we realized a series of highly efficient, stable and

reproducible perovskite solar cells.

In the chapter 1 we have presented the context of the research on the solar cells. We
detailed the functioning mechanism of the silicon and dye-sensitized solar cells. We
explained the different characters of structure, electrons separation processes and

mechanisms in the corresponding cells. In addition, we further introduced perovskite
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solar cells development and revolution in the past few years, including the various

functional layers, cells structure, and some hot-point studying.

In Chapter 2 we have investigated the key parameters that render the TiO, blocking
layer (BL) efficient in PSCs. Several BLs have been prepared using the aerosol spray
pyrolysis and the spin-coating techniques. The sprayed BLs presented thin, highly
compact, full-covering characters in their morphology. They exhibited the pure
anatase phase characters to boost electrons transport. Besides, we developed the use
of the impedance spectroscopy technique to investigate the various processes taking
place in the cells under illumination and how they are influenced by the BL.

In Chapter 3 we developed two kinds of perovskite deposition techniques, the simple
direct film-forming and the hot-casting methods. The direct film-forming without
dripping process realized high purity perovskite o-phase and could be used for
deposition at the large scale. The hot-casting technology realized a dense, big-grain,
and pure phase perovskite layer, in order to further decrease grain boundaries and
eliminate its detrimental effect on the charge carriers recombination. In first sections,
we investigated the promotion of spontaneous crystallization and growth of FAMA
(FA0.83MA,17Pb(log3Bro17)s with FA the formamidinium cation and MA the
methylammonium one) perovskite by the control the supersaturation concentration of
the precursor solution. Then we adopted an anti-solvent dripping step to trigger
crystallization and finally realized high efficiency and highly reproducible perovskite
photovoltaic devices. The investigation of 30 FAMA photovoltaic devices exhibited
the following average photovoltaic parameters; Vo = 1104 mV, Jic = 23.16 mA/cm?,
and FF = 78%, from which it resulted an average power conversion efficiency (PCE)
of 19.8%.

In Chapter 4 we thoroughly investigated the effect of adding 5% of Cs cation into the
dual cations FAMA perovskite. Our analysis of the early period nucleation kinetic
before heating treatment showed that the addition of Cs promotes the heterogeneous
nucleation and suppresses phase segregation compared to FAMA. Based on energy

band theory, we proposed a photoluminescence mechanism for Cs5FAMA and
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predicted that CsSSFAMA belongs to direct semiconductors. We also discussed the
impact of point defects of perovskite on these cells. In addition, we investigated the
effects of the various electron extraction layers on perovskite solar cells performances.
We designed a new electron extraction layer of
TiO,-compact/TiO,-mesoporous/PCBM, this configuration cells achieved a very high
Jsc of 24.61 mA/cm?. Finally, we achieved high efficiency, reproducible, and stable
devices with Cs5FAMA perovskite. These photovoltaic devices exhibited at best an
open circuit voltage V. = 1104 mV, a short circuit current Js; =24.19 mA/cm?, and a
fill factor FF = 77.4%, resulting in a PCE of 20.67%.

The investigations presented in this thesis show that the electron transporting layer
and perovskite components are very important in the perovskite solar cells. New
matching energy level materials have been used for extraction layer to promote
operating efficiency and stability. Besides, it also certainly depends on the electron
transporting speed and injection ability. For perovskite itself, important points are
how making perovskite with reduced point defects and improved phase purity, high
crystallinity, which play a key role for decreasing charges recombination inside of
perovskite and realize the best performance in the cells. Through investigated various
electrons extraction layers, we think that the traditional TiO, layer maybe not the best
choice, because of the electrons extraction ability of these layers are weaker by two
orders of magnitude than that of hole extraction ability on the Spiro-OMeTAD. It is
noteworthy that recently adopted polymer electron transporting layers achieved a
great progress in the inverted structure of perovskite solar cells. It resulted in reduced
hysteresis phenomena. In addition, recent research shows that the Spiro-OMeTAD
maybe not the best candidate for hole transporting material.

Therefore, we believe that perovskite solar cell is the most promising photovoltaic
device for the future, the efficiency records of which will continuously refresh and

that further understanding of their operating mechanism will be achieved.
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Résumé

Dans cette thése, nous nous sommes appliqué a
optimiser la couche bloquante des trous (BL) de
TiO, et a développer des pé&ovskites & cations
monovalents multiples (A dans ABXj;) pour
I’application. Nous avons finalement obtenu des PSC
trés stables, reproductibles et de trés haut rendement
de photoconversion. Le Chapitre 1 est une revue
bibliographique de difféentes technologies de
cellules solaires, des composants des cellules de type
PSC ainsi

caracté&isation des cellules photovolta™fues. Dans le

que des principales techniques de

Chapitre 2, nous avons éudi€ les paraméres qui
rendent les couches bloguantes de TiO, efficaces.
Plusieurs BLs ont &épréparés par la technique de
pyrolyse-spray et par spin-coating. Nous avons aussi
utilisé la spectroscopie d’impédance pour étudier les
différents phénomenes de transfert et d’accumulation
de charges se déoulant dans le dispositif sous
&lairement et comment ils sont influencé& par la
BL. Dans le chapitre 3, nous avons éudié le
phéoméne de cristallisation spontané& de la
p&ovskite FAMA par le contrde de la concentration
de supersaturation de la solution de préurseur. Nous
avons développé deux types de déds de la
pé&ovskite, le dépG direct et la technique de dépG a
chaud (hot-casting). Dans le chapitre 4, nous avons
éudié¢ 1’ajout de cation cesium (Cs") dans la
structure p&ovskite FAMA. nous avons obtenu des
dispositifs de rendement trés devé reproductible et
stable avec la pé&ovskite Cs5FAMA. Pour les
cellules record, nous avons mesuré: V,. = 1104 mV,
Jsc =24.19 mA/cm2, et FF = 77.4%, soit un PCE de
20.67 %. Le suivi de la puissance maximale d&ivrée

a donnéun rendement stable de 20.6%.

Mots Clés
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Photovoltaique

Abstract

In this thesis, we have optimized the TiO, hole
blocking layer (BL) and we have investigated
multiple monovalent cation (A in ABX;) perovskite
compounds for PSC application. Finally we realized
a series of stable, reproducible and highly efficient
PSCs. Chapter 1 is a hibliographic review of solar
cells and PSC components as well as a description of
the main techniques employed for the device
characterizations. In chapter 2, we have investigated
the key parameters that render the TiO, BL efficient
in PSCs. Several BLs have been prepared using the
aerosol

spray pyrolysis and the spin-coating

techniques. we  developed the impedance
spectroscopy technique to investigate the various
processes taking place in the cells under illumination
and how they are influenced by the BL. In the
chapter 3, we have investigated the promotion of
spontaneous crystallization and growth of FAMA
perovskite by the control the supersaturation
We

developed two kinds of perovskite deposited

concentration of the precursor solution.
techniques, the simply direct film-forming and the
hot-casting method. In the chapter 4, we have
thoroughly investigated the effect of adding cesium
cation (Cs") into the dual cation FAMA perovskite.
We achieved high efficiency, reproducible, and
stable devices with Cs5FAMA perovskite. These
photovoltaic devices exhibited at best an open circuit
voltage V,. = 1104 mV, a short circuit current Jg
=24.19 mA/cm2, and a fill factor FF = 77.4%,
resulting in a PCE of 20.67 %. The maximum power
point tracking of the cells produced a steady-state

PCE of 20.6%.
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