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Organic conjugated polymers are a family of materials that are widely used
as Hole Transport Layers Hole Transport Layer (HTL) in Perovskite solar
cells Perovskite solar cells (PSCs). Specifically, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is a widely used conjugated polymer in
inverted PSCs, that suffers from poor stability. In this thesis, the operating lifetime
of inverted PSCs is extended to almost 900h by employing for the first time
the hydrophobic conjugated polymer Indacenodithiophene thiadiazolequinoxaline
(PIDTTDQ). The performance of the optimized PIDTTDQ device reaches a
maximum Power Conversion Efficiency (PCE) of 14.70%, while the corresponding
one for the reference device with PEDOT:PSS is 12.16%. The enhanced PCE
is due to better band alignment as well as improved HTL/Perovskite interface
confirmed by Transient measurements. Time Resolved Photoluminescence (TRPL)
measurements have also revealed the suppression of non-radiative recombination
compared to PEDOT:PSS, which can be attributed to the reduced number of
defects. The hydrophobic nature of PIDTTDQ improved the lifetime of inverted
PSCs when compared to the reference device and to Polybis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), the most efficient HTL in inverted devices. The

low cost of this material makes it a potential candidate for large area devices.

ITEPINAHVH

To opyovind culuytoxd ToAuueet| ebvon dior xatnyopio UAXGY 1 omolo yenotdo-
TolelTon gupEwe wg Mtpnua Metagopds Onov ot tepoffoxitind gwtofolTtaind xehid.
Yuyxexppéva, to Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) eivat éva evpéwe ypnotpomomuévo ouluytond TOMUERES O TEROBOXLTIXS
POTOBOATUIXA XENLE AVECTROUUEVNC YEWUETELAG, TO OTtolo UTOQEREL amd UEYSAT o-
otdiela. Me auth TNV epyacia, 0 Ypovog LmNG TV AVECTRUUUEVLY TEQOBOXITIXGDY
POTOBOATHUIXWY XEAWY eTexTdINKE 0 oYed6V 900 OPEC YENOLOTOUDVTAS YL TEMTN
popd o LBPOYoBo culuylaxd moluuepéc Indacenodithiophene Thiadiazolequinox-
aline (PIDTTDQ). H an6doon twv BeATo TOTONUEV®DY PWTOBOATOIXMY SlatdEewy
ue to PIDTTDQ égtoce tn péyiotn th tou 14.70%, evéd n avtiotowyn v T
owtdielc ue PEDOT:PSS Arav 12.16%. H avénon ot ®Pavti| an6d00T 0oPeihe-
ToL OTN XUAUTERY EVIUYPUUULCT] TOV EVEQYELIXMY ETULTEOWY XS xou oTny Pehtiw-
o1 TNG OLETULPAVELNG OVIUESH OTO OTEWUO UETAPORES OTIV XUl OTO EVEQYO GTEMUA
nepofoxitn, x4t mou emPBelaurdInxe Ue YPOVOUETABUNAOUEVOUS OTTONAEXTEOVIXOUS
yopoxtneopols. Ou UeTproels YpOoVOUETUBUAAOUEVNC POTOPOTAVYELNS EOEIEaY [UE-
fwon ota enineda un axtvofoAitinig enavacivoeong ot oyéon pe 1o PEDOT:PSS,

T0 omolo pmopel va omododel oTov PElwUEVO aptdud oTERELDY OTn BlemLpdveLa 1/xou
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o710 evepY6 oTpwua. H udpdpofln @ion tou PIDTTDQ mopdteve tov ypovo (wihc
TV PWTOBONTAUIXOY XEADY Ot oyéor Ue T Oidtadn avagopds ue To PEDOT:PSS
oA xou o€ oy xplon Ue o Polybis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA),
TO O ATMOTEAECUATIXG CTOWUA UETAPORAS OTWY O AVECTEAUUEVT dour). To youn-
MO %x607T0¢ TOU UAXOU ouTo) T0 Xorho T8 UTOPHPLO YL XATACKELT] PLTOBOATAUNDY

OLUTAEEWY UEYUADTERNC ETUPAVELOC.
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Chapter 1

Introduction

1.1 Renewable Energy sources

The constant technological development of our world has caused an increase in the
energy needed to satisfy our daily needs and activities. Unfortunately, many of
these activities are not friendly to the environment, contributing to its growing
pollution levels and therefore reducing our quality of life. A characteristic example
of environmental damage is the increase of C'Oy emissions, one of the most common
greenhouse gases, for more than the last 30 years, as indicated in figure 1.1 . So how
can we produce energy without burdening the environment? The use of Renewable
energy sources can offer a solution to this problem. Common renewable energy
sources include Solar, Wind, Hydro, tidal, geothermal, and biomass energy. Their

use has been growing during the past decades (orange area in figure 1.2 )

FIGUuRrE 1.1: Total amount of C'O2 emissions per year in the world for the era
1751-2018. [1]

1
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F1GURE 1.2: World Energy consumption for the last 20 years.[2]

1.2 History of solar cells

1.2.1 Discovery of the photovoltaic effect

One of the initial discoveries regarding the photovoltaic effect took place in 1839
by the Physicist Edmund Becquerel. He realized that when the two plates of a
battery embedded in an electrolyte solution are illuminated by sunlight, there
was an increase in the battery’s measured voltage [3]. After a couple of decades,
Willoughby Smith reported that Selenium can conduct current under sunlight
illumination [4]. A few years later, Adams & and Day also confirmed the existence
of the photovoltaic effect in selenium [5]. The first-ever solar cell device based on
selenium was built by Charles Fritts in 1883 with an efficiency of converting light
into electricity less than 1 % . Foundations for further improvement in photovoltaics
were achieved through the observation of the photoelectric effect by Heinrich Hertz
in 1887. [6], following its explanation by Albert Einstein in 1905 [7], for which
he won the Nobel Prize in Physics in 1918. In general, the photovoltaic effect is
comprised of the following steps: In general, photovoltaic operation is based on

these steps:
e Absorption of sunlight by the light absorbing material
e Seperation of charges

e Collection of charges from the anode and the cathode respectively



Chapter 1. Introduction 3

1.2.2 Evolution of solar cells

For the era 1900-1950, many major findings gave room for establishing solar
technology. In 1918, Jan Czochralski produced a method for crystal growth on a
metal. This method will be extensively used in the future for the production of
monocrystalline silicon. In 1932, the photovoltaic effect was observed in Cadmium
selenide. From 1950 to 1970 solar efficiencies were improved dramatically, and new
materials such as Germanium were used. The first commercial solar devices were
also built for space technology applications. The decade 1970-1980 marked the
evolution of the first solar companies, establishing the use of solar cells. In the
following decade, solar plants were constructed using several modules, pushing the
output power of a single solar plant to the range of Megawatts. The technology
of solar cell production and thin-film technology kept improving, with efficiencies
reaching and exceeding 20 %. Production of modules and power plants continued,
with several countries involved and investing in renewable sources, reaching the
decade of 2000 with the production of several Megawatt (MW) solar power plants.
The commercial use of solar cells caused as a consequence further decrease of the
cost per Watt of solar modules [8]. A characteristic example of the solar industry
growth is showed in figure 1.3, with the vertical axis representing the PV capacity

in Gigawatt (GW) and the horizontal axis is the time evolution since 2006.
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FIGURE 1.3: Capacity of PV systems (in Gigawatts) per region from 2006 until
today. [9]

1.3 From silicon to perovskites

As shown in figure 1.4(a), solar cells can be divided into three generations: The
first generation includes single and polycrystalline silicon-based devices. Monocrys-
talline silicon has the same periodic structure everywhere in the lattice, while
polycrystalline silicon has a specific periodic structure for each grain (figure 1.4(b)).
First-generation solar cells are the most efficient and mature technology, with the
cost per Watt following a continuously declining trend, as we can see in figure 1.5.
The first generation remains the most efficient compared to the second, but pro-
duction costs are very high because silicon crystals are grown using very expensive,
high temperature and precise methods such as Chemical Vapor Deposition (CVD)
or Molecular beam epitaxy (MBE) [10].

The second generation of solar cells, which is also called thin-film generation,
consists of Amorphous silicon, Copper Indium Gallium Selenide (CIGS) and Cad-
mium Telluride (CdTe) cells. This generation exhibits high absorption coefficients,

and lower production costs compared to traditional Si cells. The photovoltaic
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performance of these materials is inferior compared to traditional silicon cells. Also,
another problem is the toxicity of used materials (Cd for example) and the lack
of abundance [11].Third generation of thin-film solar cells include Dye Sensitized
Solar cells (DSSC), Organic Photovoltaics (OPV’s) and PSCs, having the potential
to become a cheaper alternative to widely used first and second-generation cells.
One of the main reasons to search for alternatives for silicon is to reduce fabrication
costs and establish the use of solar cells using flexible substrates (for example

wearables and car rooftops).

(a)

Monocrystalline Polycrystalline Amorphous

FIGURE 1.4: a)Solar cell generations ,b)Allotropic forms of silicon [12]

FIGURE 1.5: Cost per watt for silicon PV cells from 1977 to 2015. [13]
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1.4 The emergence of Perovskite solar cells

1.4.1 Organic solar cells

The starting point of research on organic solar cells was after the realization in 1977
that polyacetylene is conductive [14]. Then, the isolation of the buckminsterfullerene
Ceo followed in 1985 [15]. The isolation of the fullerene molecule followed the
discovery that electrons can transfer from a conductive polymer to the fullerene,
which led the way for the fabrication of OPV’s. Even though the first organic
solar cell was fabricated in 1958, the efficiency was very poor. During the period
1991-1995 the first Bulk Heterojunction devices composed of a polymer-Cy, active
layer were fabricated. Initially, the first organic devices consisted of a bilayer
structure, that is a polymer film with the fullerene thin film on top. However,
this configuration is not very efficient. The reason is that the bound electron-hole
pairs (excitons) that are formed have high binding energy, on the order of 0.5-1eV
[16], therefore the bound exciton state can separate only in the polymer-fullerene
interface. The high exciton binding energy is due to the low permittivities of
organic materials that result in insufficient Coulomb potential screening. The main
drawback of the bilayer structure is that the carrier diffusion length is small in
OPV’s, &~ 1-10nm [17, 18], which means that a limited amount of excitons reaches
the polymer-fullerene interface to dissociate and inject at the respective electrodes.
To overcome this obstacle, a more efficient morphology was employed, which is
called Bulk Heterojunction (BHJ) and is achieved by mixing the polymer-fullerene
blend. The bilayer and BHJ morphologies are illustrated in figure 1.6.

The polymer-fullerene Heterojunction blend is called the Donor-Acceptor blend.
The electron donor is a p-type material while the electron acceptor is a p-type
material. A common donor-acceptor blend is the conjugated polymer P3HT and
the fullerene derivative Phenyl-Cgo-butyric acid methyl ester (PCgBM), which
contains chemical groups that improve solubility in common solvents such as

Chlorobenzene. The photovoltaic effect in OPV’s consists of the following steps:
e Light absorption by the Donor-acceptor blend

e The excitation of an electron from the Donor HOMO to LUMO, leaving
behind a hole. The electron and hole form a bound state through Coulomb

interaction, the exciton.
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e The exciton separation in the Donor-Acceptor interface. The separation
occurs when the energy offset between the LUMO of the donor and the

acceptor is larger than the exciton binding energy

e Charge Collection. The separated electrons and holes reach the cathode and
the anode through the assistance of electron and hole transport layers that

sandwich the active layer

Because of the reasons mentioned, the PCE of OPV’s is typically low, on the
order of 4.5-5% [19]. However, the use of fullerene acceptors raises some concerns,
which include weak absorption in visible and IR region, thermal and chemical
instability, and high production cost. Since 2015 many organic materials Non-
Fullerene Acceptors (NFAs) were employed [20]. These materials tackle these
problems and improved dramatically the PCE of OPV’s, reaching even a PCE of
18.4 % [21]. The merits OPV’s offer are the following [22]:

e Use of cheap organic materials with low toxicity
e High absorption coefficients

e Easy, low-temperature processing from solution, with potential to reduce cost

in large-area devices.

FIGURE 1.6: Bilayer structure and Bulk Heterojunction blend in OPVs [23]

1.4.2 Dye sensitized solar cells

Main advantages of the third-generation solar cell are the ability to fabricate
devices using low-temperature, solution-processed techniques resulting in lower
fabrication costs, the adjustable bandgap of the absorbing material along the ability
to produce flexible substrates. The main concerns for these materials are toxicity

(most perovskite-based devices contain lead) along with instability while exposed
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to oxygen, moisture, and heat [24, 25]. Regarding perovskite solar cells(PSCs),
their emergence arises from dye-sensitized solar cells.

DSSC ( or Grétzel cell) were invented for the first time in 1988 by Michael Grétzel
and Brian O’Regan at UC Berkeley. They later moved on Ecole Polytechnique
Fédérale de Lausann (EPFL) where they published in 1991 the first work on high-
efficiency Dye-sensitized solar cells [26]. A DSSC consists of the following:(figure
1.7) glass, a transparent conductive anode, (usually Fluorine Doped Tin Oxide
(FTO) ), a liquid electrolyte, and a mesoporous oxide. Mesoporous Titanium
Dioxide (m-TiOy) (n-type semiconductor), a dye (ruthenium is widely used % [27]
) which is attached with covalent bonds on the surface of the oxide and enhances
light absorption and finally a cathode (also known as counter electrode) attached
to glass, typically Platinum.

Operational principle of dye-sensitized solar cell can be summarized as follows

[28]:

e Light enters the transparent conductive oxide and reaches titanium dioxide,

where light is absorbed by the dye, exciting an electron

e The excited electron diffuses from titanium dioxide into the transparent oxide
and enters the outside circuit giving power to a load. The dye now is oxidized,
and gains the lost electron from I; ions, reducing the dye at its initial form,

37 — Iy + 2e”

e The electron travels through the counter electrode and enters again the cell

where it reaches the electrolyte

e The electron returns to the dye through the electrolyte. The electron causes

reduction of iodide ions : I3 +2e~ — 31~

FIGURE 1.7: Schematic presentation of a DSSC. [29]

Typical PCE of DSSC’s ranges to approximately 10 % [27] and have exceeded
12% [30]
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One of the main advantages of this technology is that it reduces fabrication costs
compared to silicon. Furthermore, these cells can operate in wide angles and can
work in non-ideal conditions such as low illumination or during a cloudy day. While
the performance of inorganic materials such as silicon deteriorates with temperature
as we will see in chapter 2, this problem is no longer met in DSSC’s. Also, these
materials are solely based on electrons, resulting in insignificant recombination
effects.

On the other hand, a major drawback for DSSC’s is the use of a liquid elec-
trolyte. The material can freeze at low temperatures or start evaporating at high
temperature, causing leakage of solvents which can be hazardous for humans.
Because of the use of the electrolyte, there is a limit in achieved efficiencies which

limits further improvement of measured efficiencies [28].

1.4.3 Brief history of Perovskite solar cells

The first milestone for the transition to PSCs was to replace the liquid electrolyte
with another material called spirobifluorene, which acts as a hole transport layer.
[27].A first attempt to fabricate perovskite-based devices was reported back in
2009 [31], with an efficiency of 3.8 %. Another effort in 2011 pushed the efficiency
to 6.5 % [32], using the perovskite as a sensitizer along with m-TiOy.However,
the device degraded fast because the perovskite dissolves quickly in the elec-
trolyte solution. In 2012, measured efficiency was increased to 9 % by using
the material 2,2°,7,7-Tetrakis[N,N-di(4-methoxyphenyl)aminol-9,9’-spirobifluorene
(Spiro-MeOTAD) and thermally evaporating a gold electrode on top as the anode
[33]. After the replacement of the liquid electrolyte and the use of a hole transport
layer, a series of efficiency records have been achieved. This was achieved by
improving the fabrication conditions and methods along with simultaneous efforts
to improve the measuring protocols and studying phenomena related to device
operation such as hysteresis [34]. By 2015, the efficiency of PSCs has reached
21.0 %, becoming a serious rival to first and second-generation solar cells. In 2021,
the efficiency of PSCs has reached 25 % [35]. The rapid evolution of efficiency,
compared with other generations of solar cells, is shown in figure 1.8(a), where it is
evident that efficiency exceeded 21 % in less than a decade, making PSCs the most
rapidly evolving solar technology. Figure 1.8(b) shows the exponential increase in
publications regarding PSCs, which is a characteristic of the research interest and

the amount of effort put into improving device quality.
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(b)

FIGURE 1.8: a)Number of publications per year for PSCs, b)NREL’s efficiency
chart for all PV technologies.[36, 37]

1.4.4 The sweet spot for solar technology

While the cost per watt of PSCs is less than half the cost per watt for Si solar
cells according to figure 1.9(a), and measured efficiencies are very close, the main
issue is operational stability. The sweet spot for any solar cell is being optimized

in terms of cost, efficiency, and stability, as shown in figure 1.9(b).
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(a) (b)

FIGURE 1.9: a) Comparison between Si and PSCs [38], b)the sweet spot for
solar technology .

1.5 An introduction to perovskite solar cells

Perovskite solar cells are an emerging, constantly developing technology with a
potential for commercial use either as standalone or in a tandem architecture along
with Silicon.

PSCs promise to remove the obstacles of OPV’s and DSSC and produce high

efficiency solar cells, having the following advantages and disadvantages [39-41]:
e High absorption coefficient
e Adjustable bandgap
e Fabrication using low-cost , solution-processed techniques.
e Low effective mass, high mobility and long diffusion lengths
e Ability to fabricate flexible, large area substrates
Disadvantages:
e Lead toxicity

e Degradation under exposure in oxygen, moisture, heat and continuous light
illumination that reduce operational stability of devices. For instance, Si
solar panels come with a guarantee a lifetime of ~ 25 years [42], while the
highest lifetime for PSCs is 1 year [43, 44].

e Structural instability
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The principles of operation of PSCs are similar to those of OPV’s, but the
perovskite absorber has some advantages compared to BHJ blends. These include
high mobilities that can be comparable with inorganic materials [45] and diffusion
lengths on the order of a few pm. [46].The photovoltaic effect in perovskites
involves the formation of a low exciton binding energy that dissociates and the
hole and electron are diffusing through the respective charge selective contacts and

is collected at the respective electrode.
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Organic semiconductors and

Conjugated polymers

2.1 From Inorganic to organic materials

The properties of inorganic semiconductors are well known and widely studied. For
the past 3 decades, another family of semiconductors based on organic materials
has emerged. The main advantage of organic materials when compared to the
inorganic is the low cost and the low-temperature processing based on solutions,
which reduces fabrication cost for various types of devices (LEDs, transistors, solar
cells, photodetectors, etc.), This enables the fabrication of large-area devices for
commercial use. The main difference between organic and inorganic semiconductors
is the charge transfer mechanism. In general, the main disadvantage of organic
semiconductors is that they suffer from low mobilities when compared to inor-
ganic materials. The term organic semiconductors refers to materials with weak
intermolecular interactions (7 bonding) and conjugated polymers. The latter is
composed mainly of carbon and hydrogen atoms that might contain heteroatoms
such as Nitrogen, sulfur, oxygen, or fluorine [47]. These materials remain bound
mainly through weak Van Der Waals Interactions, which affects their electrical
properties [48]. Conjugated materials are successfully employed in a variety of

applications as it can be seen in figure 2.1

13
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FIGURE 2.1: Applications of conjugated polymers.[49]

2.2 m-Bond Molecules

The main conduction mechanism in organic semiconductors arises from 7- electrons.
To be able to explain the conductivity of organic semiconductors, we need to take
a closer look at 7 bond systems. 7 electrons stem from sp? or sp® hybridized
atoms. The molecule will then obtain a 3D tetrahedral shape. Two representative
examples are provided in figure 2.2 For the case of ethene (Cy Hy), a sp? hybridization
occurs.The electron configuration of a carbon atom is 1s?2s522p?. The 2s orbital
lies lower in energy than the 2p orbital, but all of them belong to the valence
orbital (n=2) of carbon and can participate in chemical bonding. To create a bond
with the second carbon atom, in each carbon atom one 2s electron will transfer to
the third empty p-orbital while the remaining 2s electron will raise its energy and
reach the 2p orbital. The third electron transferred to the third empty 2p orbital
will further rise in energy. This will result in 3 hybridized sp? orbitals with an
energy between the energies of the initials and p orbitals, and an unhybridized p
orbital. When the ethene molecule is formed, the carbon atoms will form a strong
o bond in the x-axis along with their nuclei and a weak 7 bond that lies in a plane
perpendicular to that of the sigma bond, in the z-axis. The s orbitals of the 4
hydrogen atoms will overlap with the remaining 2 sp? orbitals in such a way as
to minimize their energy. The molecule will then form on a 2D plane. Similar

reasoning can be followed for the case of the acetylene molecule (CoHs). In this
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case, one of the 2s electrons will transfer to the third unoccupied p orbital. Then,
the remaining 2s electron and one p orbital electron will form a hybrid orbital.
The remaining 2p electrons will raise in energy and remain unhybridized. This will
lead to 1 sp' orbital with energy intermediate to the initials and p orbitals. The
formed molecule will be linear (1D). The triple C-C bond is then composed of one
sigma bond along the x-axis and 2 weak 7 bonds along the z and y-axis. The 2 s
orbitals of hydrogen atoms will overlap with the remaining electrons that occupy
the sp' orbital along the x-axis. The triple bond is stronger than the double due
to the presence of an extra m bond, and the double bond is also stronger than the

single bond.

FIGURE 2.2: The formation of ethene (CoHy4) and acetylene (CoHs) molecules
through hybridization [50]

2.3 Delocalization

To explain the concept of delocalization, we will use as reference the Benzene
molecule. A benzene molecule is shown in figure 2.3. The present double bonds
between carbon atoms give the molecule a planar geometry. However, we concluded
previously that double bonds are stronger than single bonds, which could give
the molecule a non-perfect, hexagonal structure, as the length of the double
bond is smaller than that of a single bond. In contrast, experimental results
show that the bond length between all 6 carbon bonds is the same [51], giving
the molecule a perfect hexagonal structure. This is due to delocalization. The
classical Valence bond theory assumes that all formed bonds are localized between
adjacent atoms, where each one contributes to the bonding by offering valence
electrons. This assumption leads to errors as in the case of Benzene. The chemical
bonds are not necessarily localized, which means that if electrons can lower their
energy by moving further away from adjacent atoms, this movement will be more

preferable. As a consequence, the 7 electrons in Benzene will further extend their
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wavefunctions along the hexagonal chain which will lower their energy. This will
lead to a delocalized motion along the hexagonal chain. As depicted in figure 2.4 ,
the delocalized electrons leave behind carbon ions, which will equally attract the
delocalized electrons and act as attractive potential wells. Despite the presence
of delocalized electrons that can be considered "free”, benzene cannot conduct
electricity. The main reason is the limited movement of delocalized electrons
along with the hexagon which makes it impossible for them to ”jump” to another

molecule.

FIGURE 2.3: The planar Benzene molecule with indicated ¢ and = bonds and
it’s orbital stucture.[50]

FIGURE 2.4: Delocalization in Benzene.w electrons are free to move in the
hexagonal chain, where they are attracted from positive carbon ions [50]
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2.4 Molecular energy levels and Conjugation

When a molecule is formed, the energy levels of the molecule will be modified
compared to the single atoms that are composed of. The simplest molecule to start
is the hydrogen molecule. The molecule is composed of two hydrogen atoms with a
1s! configuration. The 2 1s orbitals will form the molecule. The resulting molecule
will also be composed of 2 orbitals because we started with 2 orbitals. The first
strong bonding o,, molecular orbital will lie lower in energy than the atomic 1s
orbitals because electrons in the hydrogen molecule are now interacting with both
hydrogen atom nuclei, which lowers their energy. This orbital is called the bonding
orbital. The second formed o7}, orbital will be empty and will lie higher in energy
than the separate 1s atomic orbitals, and is called an anti-bonding orbital. The
formation of the hydrogen molecule is shown in figure 2.5. The bonding o5 orbital
is called the Highest Occupied Molecular Orbital (HOMO), while the anti-bonding
o1, orbital is the Lowest Unoccupied Molecular Orbital (LUMO). Similar reasoning
can be applied to the case of organic materials.

Let us now return to the case of the ethene molecule. There are in total 2 7
electrons, one from each carbon atom. Again, there must be 2 molecular orbitals,
equal in number to the 2 initial unhybridized p orbitals. The first one will be the
bonding 7 orbital and the second one the antibonding 7* orbital. The overlapping of
the two unhybridized p orbitals can be achieved by two possible scenarios, as shown
in figure 2.6(a) : Either the orbitals combine constructively, which corresponds to
the bonding case, or they combine destructively, which corresponds to a higher
energy state. In the destructive case, a node is formed between the combined
orbitals. A node represents a spatial area where the probability of finding an
electron is very small due to the small overlapping of the wavefunctions. Now for
the case of the sigma molecular orbitals, electrons will occupy the energetically
favorable o bonding molecular orbital. The stronger ¢ bonding results in a larger
energy gap between the bonding and antibonding molecular orbitals, as seen from
figure 2.6(b) . The energy gap between the two m bonding and antibonding orbitals
corresponds to the smallest electronic energy transition of the molecule. This
means that the HOMO level is the 7 energy level and the LUMO is the 7* level.
Organic compounds which contain a series of connected p orbitals with delocalized
electrons set up a Conjugated system. Conjugated materials include compounds
such as conductive polymers, graphite, graphene, and derivatives such as Carbon
Nanotubes (CNTs), small molecules, porphyrins and several aromatic and non-

aromatic compounds. Many of these materials have been successfully employed in
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photovoltaic devices. Here, we will mainly focus on Conjugated polymers.
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2.5 Conjugated Polymers

2.5.1 Brief History

The word "polymer” was used for the first time in 1832. Two years after, the first
report on the polyaniline molecule, the first-ever conjugated polymer came out.
Efforts to establish the use of conjugated polymers as we know them today date back
to 1960, from the research of Donald Weiss on polypyrrole and the work of Rene
Buvet and Marcel Jozefowicz on polyanilines [55]. Almost a decade later, in 1977,
Hideki Shirakawa reported the synthesis of halogen derivatives of polyacetylene
[56].MacDiarmid and Heeger also contributed to the field by studying the Poly(sulfur
nitride) molecule and by performing a series of modifications in the polyacetylene
molecule such as doping or efforts to improve its purity and study its effect on
the material conductivity. The two latter along with Shirakawa won the Nobel
Prize in Chemistry in 2000 for their contributions. In 1970 another 7 compound
was discovered and isolated, the Buckminsterfullerene [15]. The fabrication of
the first OPV’s started in 1986. In 1992, the Poly(3-hexylthiophene-2,5-diyl)
(P3HT) conjugated polymer was synthesized and used in OPV’s [57, 58].Then, the
discovery that due to the limited solubility of the pure fullerene, another derivative
was produced, PCg,BM, which is soluble in common solvents and used in OPV'’s

as stated in section 1.4.1, which expanded the use of OPV’s

2.5.2 Conduction Mechanism and Charge Transport

Conjugated polymers are usually made of a macromolecule chain where a chemical
structure is repeated several times. This structure is the monomer. This chain
is called the backbone of the polymer. In this chain, several chemical groups or
heteroatoms might be attached to the backbone. The delocalized electrons are in
the backbone of the polymer. The chain might have carbon atoms connected with
single or alternating single-double bonds. This is illustrated in the polyacetylene
molecule in figure 2.7, where the carbon atoms make up the backbone of the
polymer. The formation of bands in conjugated polymers is shown in figure 2.8. As
the number of monomers increases, the number of 7 electrons increases, occupying
more energy levels with a very small spacing which eventually leads to the formation
of the two bands, similarly with solid crystals. The energy gap is the bandgap of
the polymer.
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The conductivity of undoped conjugated polymers ranges from nearly metallic
to insulator, as shown in figure 2.9. This results in bandgaps larger than 2eV.
The low conductivity of undoped polymers can change even several orders of
magnitude after a small amount of doping. Doping can be achieved either by
oxidation (mainly), which corresponds to the removal of delocalized electrons or
by reduction (addition of an electron in an unfilled band) [59]. A higher degree of
crystallinity in the material can also lead to improved conductivity. In the case of
oxidation /reduction processes, charged ions are left behind after the addition or
removal of an electron in the molecule. These ions in the molecular crystal can be
displaced from their equilibrium positions since they can oscillate around them.
Crystal oscillations are called phonons. The ions can interact with the free electrons,
the so-called electron-phonon coupling. A molecular crystal has also defects as in
the case of any inorganic crystal. These defects can trap the free electrons and
create a bound state, a quasi-particle called Polaron. A polaron quasi-particle has
an increased effective mass and decreased mobility. The conduction mechanism
relies on the hopping of the electron between the defects. The term hopping refers
to electrons that can be found in a smaller area than the total area of the material,
meaning that their wave function is located in this smaller area. Polaronic effects
are strong in presence in organic semiconductors and one of the main reasons for
the low obtained mobilities and conductivities. Organic materials are in general
highly disordered systems and sometimes considered amorphous, meaning that they
possess a significantly larger defect population. These defects produce potential
wells which can trap electrons and limit the conduction of these molecules, as the
wavefunction is localized in the trap region. The only possible way for conduction
is then tunneling the electrons from one potential well to another. However, if the
spacing between the impurities is high, then the conduction is very poor, we have

an insulating behavior.

FIGURE 2.7: Polyacetylene molecular structure. The connected carbon atoms
make up the backbone of the polymer.[60]
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FIGURE 2.8: Band formation in conjugated polymers. [61]

FIGURE 2.9: Range of conductivity values of Conjugated Polymers [62]

2.6 Common 7 conjugated systems and applica-

tions

2.6.1 Conjugated Polymers

PEDOT:PSS: PEDOT:PSS is a common conjugated polymer used in a wide
range of applications in thin-film electronics:It has been successfully employed
in Organic Light-Emitting Diodes (OLEDs), organic transistors, OPV’s , PSCs
and sensors. [63-68]. PEDOT:PSS films are deposited by an aqueous dispersion

using various thin film deposition methods such as spin coating, slot die coating,

doctor blade, spray coating, inkjet, and screen printing. It is cheap and suitable
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for low-temperature processing and produces smooth and uniform films with low
roughness. It is transparent in visible wavelengths (transparency > 80%) and has
an acceptable conductivity which can be tuned by various methods as we will see.
The energy levels of the material are suitable for the various electronic applications
that it is used. The main drawbacks of PEDOT that we will further examine are
the acidic and aqueous nature, which reduce device stability [69]. The chemical
structure of PEDOT:PSS is shown in figure 2.10(a).

P3HT: P3HT is another common conjugated polymer employed in a variety of
organic electronic devices such as thin-film transistors, OPV’s, PSCs and sensors.
[70-74]. It possesses a low bandgap of ~ 1.9 eV and relatively high hole mobility
for an organic material. It also produces transparent uniform films with a low cost
and ability to use in large-area devices [75]. The chemical structure of P3HT is
shown in figure 2.10(b)

PTAA: PTAA is a conjugated polymer which is employed in a variety of
organic electronic devices such as OLEDs, transistors, and PSCs [76-78]. It is
also transparent as it absorbs mainly in the UV region, and produces uniform
films with low roughness. Even though it has been successfully employed in high-
efficiency perovskite solar cells, the main drawback of the material is the high cost,
therefore it is not employed in large-area devices. The chemical structure of PTAA
is illustrated in figure 2.10(c)

ol o CHs

(a) (b) (c)

FIGURE 2.10: a)PEDOT:PSS chemical structure [79],b)P3HT chemical structure
[80],c)PTAA chemical structure [81]

2.6.2 Other m bond materials

Fullerene & Derrivatives: Fullerene and its derivatives have been extensively

used in organic electronics. Fullerenes are usually employed in organic electronic

devices such as Transistors, OLEDs, PSCs, sensors and as an electron acceptor in
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OPV’s [82-84]. They are also used as Electron Transport Layer (ETL).Typically,
fullerenes employed in organic electronics are in the form of Cgy or PCgoBM or
PC7BM .The chemical structure of the fullerene derivative is presented in figure
2.11 The difference between the former 2 materials is the extension of the absorption
range in visible wavelengths in the case of PC7 BM. Fullerene derivatives are
used as a solution,as discussed earlier, while Cgq is deposited through thermal
evaporation due to poor solubility in common solvents. The main disadvantage
of employing fullerenes in organic devices is the very high cost, a reason that led
to the synthesis of non-fullerene acceptors in OPV’s. However, fullerenes are still

employed in inverted PSCs.

FIGURE 2.11: The chemical structure of PCgoBM [85]

Graphite and its derivatives: There are several allotropic forms of carbon

as shown in figure 2.12. Graphite, which is used in pencils and lubricants, is another
material where m conjugation exists. Graphite has a hexagonal structure of sp?
bonded carbon atoms, which results in strong ¢ bonds. The delocalized 7 electrons
are located in the plane vertical to the bonded carbon atoms. Graphite is a good
conductor of electricity and heat.

Graphite is composed of several stacked graphene monolayers, as it has been
found from the isolation of graphene in 2004 by Andre Geim and Konstantin
Novoselov by the scotch tape method [86]. All the Graphene monolayers interact
through a non-covalent interaction called 7 -7 stacking. This interaction occurs
between aromatic rings because of the presence of 7 electrons and can be exper-
imentally confirmed by X-ray Diffraction (XRD) techniques. There is evidence
for the presence of -7 stacking in both Graphite and Benzene that we studied
previously. Furthermore, the non-covalent nature of this interaction assists the
process of supramolecular assembly where molecules are held by non-covalent
interactions [87]. Similarly to graphite, Graphene has a hexagonal ”honeycomb”
lattice structure with 7 electrons (2.12(c),2.12(b)) and it is a very good conductor

of electricity as it is considered semimetal, a semiconductor of zero bandgap since it
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has a zero bandgap as the two 7, 7* bands formed are half-filled with free electrons.
Graphene has been used in a series of applications including biomedical, coatings,
electronics, energy, membranes, and sensor research. Another allotropic form of
carbon is CNTs with a nanometer diameter. CNTs have been employed in thin-film
electronics, Biomedical applications, coatings, composite materials, energy storage,

and coatings.

(b) ()

FIGURE 2.12: a)Allotropic forms of carbon [88],b)The honeycomb lattice of
Graphene with indicated 7 electrons [50],c)and Double bonds of sp? hybridized
carbon atoms in Graphene [89]



Chapter 3

An overview on Perovskite

Materials and devices

3.1 Perovskite Compounds and structure

Perovskite is a mineral that was discovered in 1839 by Gustav Rose. The mineral
had the structure CaTi03. The name perovskite was adopted by the name
of the Russian mineralogist L. A Perovskiy [90]. After this discovery, several
other compounds such as BaT'iO3,PbT103,SrTi03 were discovered to possess the
perovskite structure, so commonly perovskite compounds are metal oxides with
the structure ABOs.

These materials did not possess good semiconductor properties and could
not be used for photovoltaic applications. The perovskite oxides exhibit both
ferroelectric and piezoelectric properties [91] mainly. Almost two decades back,
the idea of fabricating highly efficient PSCs from solution was a fiction. However,
the replacement of the oxides with halogen anions could be a potential fit for
use in photovoltaics due to the suitable semiconducting properties. In general,
the perovskite structure is a crystal structure of the form ABXj3, where A is a
monovalent cation, B is a divalent cation, and X is a monovalent anion. These
atoms have the orientation as shown in figure 3.1. In this structure, the B cations
occupy the 12 corners of the cube, the A cation is at a body-center position and
the X anions are in face-centered like positions. In the second equivalent structure,
the A cations are now occupying the corners of the cube, the B cation is at a body
center position and the X anions are still at the faces of the cube.

Over the years, a variety of different elements and compounds have been

employed in perovskites. Different elements have been used for each of the A, B,

25
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X components, as pictured in table 3.1. Formamidinium (FA) ((CHz)oNH,")
and Methylammonium (MA) (CH3sN H; )are used as components as FA and MA
based materials posses good semiconductor properties and can be used in PSCs.
So is it possible to form a perovskite structure with any combination or even
more materials than the ones listed in 3.17 Are there any criteria that determine
whether a crystal structure will be a perovskite? The answer to this question is the
tolerance factor (7) proposed by Goldschmidt [92]. This empirical rule determines
whether a certain combination of elements and compounds will form a perovskite
crystal or not, based on the ionic radii of each compound. The tolerance factor is
given by the equation

g = _StAT Rx (3.1)

V2(Rp + Rx)

, where R is the ionic radius of the A cation, Rpg is the ionic radius of the B cation,
and Ry is the ionic radius of the halide X anion. When 0.8 < ¢t < 1, the cubic

perovskite structure is obtained. However, when ¢ < 0.8 or ¢ > 1 a non-perovskite
phase with orthorhombic and hexagonal structure is formed respectively [93]. From
all the A cations that are included in 3.1, only the FA, MA, and Cs can stabilize
the cubic perovskite structure due to their ionic radius, while there is evidence that
K, Na, and Rb most likely do not incorporate into the lattice and act as additives,

even though they provide benefits for the PSCs [94]

TABLE 3.1: Elements and compounds that make up the Perovskite structure

A Cation | B Cation | X Anion
FA Pb I
MA Sn Br
K Cl
Na
Cs
Rb

FIGURE 3.1: The two equivalent forms of a Perovskite crystal structure [95]
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3.2 Phase Transitions

Perovskite materials can undergo a series of phase transitions either by a change in
temperature or pressure. Among them, these are separated into 3 perovskite phases
denoted by the greek letters «, 3, and ~. There is a fourth, non-perovskite phase
transition denoted by the Greek letter 6. This phase is known to be existent in the
FAPbI; and the C'sPbls perovskite.All the described phase transitions are shown
in 3.2(a),3.2(b).It is worth mentioning that all phase transitions are reversible.[40]

Lets briefly review each phase:

e o phase: The «a phase is the basic black perovskite phase and the most stable
among all. It has a cubic symmetry and is usually formed for temperatures
above ~ 323K.For instance, in the M APbI; perovskite the « phase is stable
for T' > 330K and in the FAPbI; for T' > 300K.

e [ phase: The 3 phase is a case of lower symmetry than the o phase. The
process of symmetry lowering is called twinning. For mixed perovskites, the
transition from the a to the [ phase occurs for mixed perovskites in the
range 150K < T < 300K. An exception occurs in the case of M APbI3 where
the transition is observed at ~ 333K. For the FFAPbI; perovskite transition
occurs at T' < 130K and occurs from the § phase. The symmetry lowering
leads to a tilting of the octahedra formed by the halogens which leads to
tetragonal symmetry. [40, 96]

e 7 phase: Further reduction of the temperature at ~ 100K and below leads
to the v phase, which possesses an orthorhombic symmetry. For the case of
the M APbI; it is encountered below 160K and for the F'APbI; perovskite it

is non-existent. [40, 96]

e ) phase: Specific perovskite crystals such as the FAPbI; and C'sPbls can
undergo the § phase, a transition that leads to a non-perovskite structure.
The § phase occurs for FAPbI; at 130K < T < 300K while for C'sPbl; it
occurs at & 292K. [40, 96]
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(b)

FIGURE 3.2: a) Phase Transitions on M APbI3 and F'APbI3 Perovskite [97],b)
General Mechanism of phase transitions in Perovskites [40]

3.3 Influence of A,B cations & X anion

e A Cation: Density Functional Theory (DFT) has shed more light into the
effect of mixing a series of A cations on the optoelectronic properties of
perovskites. The 6s orbital of the lead atom (Pb) interacts with the 6p and
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5p orbitals of lodide (I). Then, the bottom of the Valence Band (VB) is
formed by the empty 6p orbitals of Pb and possibly by the interaction of the
6p orbital of Pb with the 5p orbital of the iodide atom. This shows that the
A cation does not heavily influence the band structure but mostly contributes
to sustaining the stability of the structure. This means that a change in the
presence of A cations can either reduce or increase the crystal lattice. As it
is evident from figure 3.3, doping the perovskite with a series of A cations
does not have a significant effect on the bandgap. The addition of more A
cation elements can have a series of positive aspects for the devices. These
are summarized in figure 3.4,and refer to mixed perovskites that are often
used in PSCs

F1GURE 3.3: Effect on the perovskite bandgap after doping with various A
cations.[37]

role and effects of Cs role and effects of Rb Role and effects of K
egets incorporated into lattice at A-site emost likely not incorporated into lattice at  emost likely not incorporated into lattice A-site
A-site
ehelps in formation of cubic perovskite phase esegregation preferably near to the ETL eshift of XRD peaks/lattice expansion (contmry to what
(complete removal of yellow phase) and at grain boundaries expected if it was incorporated)
eenhanced stability eenhanced stability ereduction/elimination of hysteresis
ereduces trap states eenhancement in charge mobility ehinders formation of 4-FAPbI,
eresists phase segregation in mixed 1/Br perovskites eno effect on trap landscape egrain boundary passivation

(improves photostability)

FIGURE 3.4: How the addition of K,Cs and Rb cations affects the overall device
[37]

e B Cation: In the B cation, there is only one alternative to the toxic Pb
component, tin (Sn). Tin was first employed as it has a closer ionic radius
to Pb. The introduction of tin increases significantly the bandgap at ~ 1.3
eV, increasing the absorption edge of the perovskite up to 1000nm. Tin
perovskites have large electron mobilities that can be as high as ~ 2000

em?V~1s7! and long diffusion lengths. The main two problems with tin
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are poor stability and film quality. The stability is limited due to the
rapid oxidation of Sn** to Sn**t. The poor film quality is due to the rapid
crystallization in Sn perovskite films. Several methods have been employed
such as solvent engineering, using a variety of additives and precursors (e.g
NyHy or SnF,) and different thin film deposition techniques, but as it is clear
from figure 3.5 the PCE of Sn devices remains much inferior compared to
lead-based Perovskites [37]. The presence of Lead in the perovskite increases

the bandgap up to 1.6 eV, while the addition of tin reduces it.

Sn perovskite (with additives) device structure Jsc (mA/cm®) Vac (V) FF PCE (%)
MASnI; (with 20% SnF,) regular 3.3 023 41 03
MASnI, (with 20% SnF,) regular 262 023 3 23
MASnI, (with 20% SnF,) regular 214 0.32 46 32
MASnI; (with 20% SnF, and N,H,) regular 19.9 0.38 52 39
MASnL, (with 20% SnE,) inverse 118 045 40 2.1
FASnl, (with 20% SnF,) regular 24.5 0.24 36 2.1
FASnl; (with 10% SnF, and pyrazine) regular 237 042 63 4.8
FASnl, (with 20% SnF,) regular 23.1 0.38 60 53
EASnl, (with 10% SnF,) inverse 221 047 60 62
CsSnl; (with 10% SnF,) regular 227 0.24 37 2.0
CsSnl, (with 20% SnF, and N,H,) regular 308 0.17 35 1.8
CsSnl,Br (with 60% SnF, and H,PO,) regular 16.7 0.33 53 32
CsSnBry (2.5% SnF,) inverse 2.4 04 55 0.6
CsSnBry, (20% SnF,) regular 6.6 0.41 48 13
CsSnBry, (with 20% SnF,) regular 9.1 0.4 56 2.1
CsSnBry (with 20% SnF, and N,H,) regular 14.0 0.37 59 30
MA, . Cs,,Snl, inverse 4.5 02 36 03
FA,Csy-Snl, inverse 16.1 0.24 36 14
FAyMA, (Snl, (with SnF,) inverse 213 0.53 524 1.3
FAy7sMA, 5 Snl; (with SnF,) inverse 212 0.61 62 8.12
FASnl; (with SnF,) regular 225 0.48 66 7.14
(BA),(MA),Sn,l,; (with SnF,) regular 24.1 0.229 45.7 2.53
(PEA),(FA)ySngly, inverse 144 0.59 69 597

FIGURE 3.5: PCE of various Sn based perovskites using different approaches
[37]

e X Anion:

Unlike the case of cations, a change in the halide content can have a large
impact on the optical and electrical properties of perovskites and even in
parameters such as the diffusion length and carrier lifetime. The introduction
of Cl leads to no detection of it in the final perovskite film. However, the addi-
tion of Cl has a positive, non-direct impact on the perovskite film morphology
and crystallinity. Several chloride components such as MACI, PbCly and
N H,C'l have been incorporated successfully. This improvement originates by
slowing down the crystallization process which results in uniform,pinhole-free
films and consequently higher PCE. The situation however is different in the
case of I and Br. Their addition in the perovskite has a direct and clear

effect on the optoelectronic properties such as the bandgap. The addition
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of bromide anions of smaller sizes increases the bandgap of mixed halide
perovskites. Mixed perovskites can be composed of stoichiometric ratios of
I and Br. A simple case of a mixed perovskite is the M APbI3_,Br,. The
same increase in the bandgap has been observed in FA based perovskites
FAPbI;_,Br,. The only difference in this perovskite composition is that
after a threshold molar ratio of Bromine, a non-crystalline phase is formed.
The effect of adding bromide on the optical absorption and film quality of
the M APbl;_, Br, perovskite is shown in figure 3.6.

FIGURE 3.6: Effect of bromine addition in the optical absorption and obtained
perovskite film. [37, 39]

e A cation/X anion Mixed Perovskites: A series of FA, M A,_,Pbl;_,Br,

perovskites have been successfully employed in devices. The addition of both

A and X cations and anions can improve the PCE and the stability of
PSCs. The addition of Br increases the Open Circuit Voltage (Voc) and
the co-existence of FA and MA increases the tolerance factor and stabilizes
further the perovskite structure. Several devices have been fabricated with
mixed perovskites, yielding PCEs of more than 20%[37] for a FA/MA ratio of
83/17. Even though the MA cation with a smaller size than FA stabilizes the
perovskite structure, a small amount of the yellow non-perovskite d-phase
is present in the resultant film of FA,MA,_,Pbl;_,Br,. This issue was
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resolved by introducing the Cs cation into the structure. The mechanism
for the stability of the structure is due to an intermediate phase formed by
Pb** Cs™ and the Dimethyl Sulfoxide (DMSO) solvent, one of the two per-
ovskite solvents along with Dimethyl Formamide (DMF), which suppresses
the formation of the yellow § phase [98].

e Excess AX or BXs: The addition of excess AX or BX5 has been extensively

studied. These components can enhance crystallinity and surface morphology.
For instance, excess MAI can reach the grain boundaries and suppress non-
radiative recombination. The addition of MACI has also been beneficial for
crystallinity and film morphology, even though the added MACI leads to no
detection of chloride in the final perovskite film. The addition of AX can
be also detrimental. Unreacted MAI can remain on the perovskite surface
leading to a drop in current density. Similarly, the addition of BX, can be
beneficial or detrimental for the device’s performance. In most of the cases,
excess PbIs is used in the perovskite precursor solution.Pbl; can lead to
defect passivation and improve the PCE, as the Pbls phase is found within
the grain boundaries of the perovskite. However, overestimating the amount
of added Pbl, in the precursor can have detrimental effects on the PCE and
can lead to poor stability due to degradation caused by exposure in humidity

or light, due to the photodecomposition of Pbls.

3.4 Semiconductor Properties of Perovskites

3.4.1 Optical properties

Perovskites can be considered as cheap semiconductors compared to the expensive
Silicon and all ITI-V semiconductors. Perovskite compounds exhibit large absorption

coefficients in the visible range, on the order of 10° em™!

, which is comparable
with the established first-generation silicon and GaAs as we can see from figure
3.7. As we previously saw in figure 3.3 the optical properties of the perovskite,
and therefore the bandgap can be tuned to 1.1-3 eV by changing each of the 2
cations or the anion. The tunable bandgap makes perovskites potential candidates
to be used in tandem devices where two different absorbers, for example, silicon
and Perovskite are used. The absorbance spectra of the perovskite and the Silicon
are almost complementary as we will see. The optical properties of perovskites are

affected by their band structure. The VB of the perovskite consists of mixed np®
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orbitals from the halide and ns? orbitals from the metal cation.The Conduction
Band (CB)contains empty np® orbitals from the metal cation.[99]

Another issue regarding the optical properties of PSCs is the formation of pho-
toexcited states, i.e excitons. Excitons in perovskites have been a controversial issue
in the research community. It is widely accepted that the excitons in perovskites are
of the Wannier-type excitons with low binding energy ranging from few meV up to
almost 100 meV. These values are much lower than the binding energies(100-1000
meV) of Frenkel-type excitons that exist in organic semiconductors due to the
small dielectric constants that cannot screen effectively the Coulomb potential.
These binding energies in perovskites can generate a large number of free charge
carriers due to the quick exciton dissociation at room temperature. This has a
large impact on device performance as the charge transfer and collection processes
are enhanced due to the quick transport of free carriers at the electrodes due to
strong built-in electric fields in the device.[100]

The excitonic state is the case where the photoexcited species (excitons) are
dissociated and collected by the electrodes. However, these states have a finite
lifetime, then the generated electron and hole pair recombine after their generation
by an incident light source on the perovskite. The emission of light or PL from the
perovskite film upon excitation is detected near the IR range, with the generally
accepted emission peak wavelength at ~ 770nm. Perovskite materials exhibit strong
PL emissions. The PL peak of perovskites can also be detected in a variety of
wavelengths ranging from 750-820nm. This variation is caused due to the different

film deposition conditions and the presence and types of defects.

FIGURE 3.7: Absorption coefficients as a function of energy for various absorbers
for photovoltaic applications [101]
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3.4.2 Charge Transport Properties

Perovskite materials possess balanced, ambipolar charge transport properties.The
reason is the similar electron and hole effective masses with respective values of
0.23mg and 0.29mq [102]. A balanced charge transport can significantly affect the
PCE of PSCs. However, the perovskite materials can show both p and n-type
properties, depending on the interfacial layer.

Another important parameter for an efficient device is the diffusion length.
Perovskites exhibit long diffusion lengths on the order of a few pum, which is much
larger than the ones of Organic semiconductors. The less the diffusion length the
more severe are the recombination effects within the material. The diffusion length
depends on the degree of crystallinity, the size of the polycrystalline perovskite
grains, and the presence of traps.[100]. The mobility of perovskites is usually tenths
or hundreds of em? V! s71. These values are comparable with the typical inorganic
semiconductors. Factors which limit the mobility are mostly morphological, such
as the interactions with the lattice (intrinsic factor) or grain boundaries, defects,
and crystal impurities (extrinsic). The mobility values usually range due to many
factors that induce errors such as lab conditions, thin film preparation, and spin
coating parameters, etc. Mobility measurements are also performed in thick single

crystals for more precision.[103, 104]

3.4.3 Morphological Properties

The morphological properties are affected by the processing conditions (deposition,
environment, annealing of perovskite films, pinholes, traps, etc.). Perovskites are
polycrystalline materials, meaning the perovskite grains are surrounded by grain
boundaries, which in turn have an impact on the non-radiative recombination,
charge transport, and collection. A characteristic of the dependence on processing
conditions is the following: Changing the annealing process of the perovskite film
can increase the diffusion length by 1 um! The larger grain size of the perovskite

films is associated with higher charge mobility.

3.5 Perovskite film deposition

3.5.1 Film formation mechanism

The perovskite film formation is based on the nucleation process. The term

nucleation refers to the formation of another phase particles in a mother phase.
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Nucleation can be either homogenous or heterogeneous. Homogeneous nucleation
occurs spontaneously,while heterogenous (predominant mechanism compared to
homogeneous) nucleation occurs at a specific surface or a foreign particle in the
mother phase called nucleation sites. The nucleation process in a perovskite film
that is produced occurs as follows: According to figure 3.8, we have 3 stages. In
stage I, initially, the perovskite precursor exists in the form of ions and molecules
in the solution. During the spin coating and the heat treatment (annealing) of
the film, the concentration of the solution increases until it reaches the point of
supersaturation. Supersaturation is the difference in the chemical potential of
the mother phase and the new phase (perovskite grains). This means that below
supersaturation, energy is need for crystal growth. In stage II, as the concentration
reaches and goes above C; the perovskite crystal nuclei begin to form and grow
by the continuous supply of solute molecules and ions through diffusion. The
concentration of the solution reaches a maximum value and starts to decrease
because when the nuclei have reached a supercritical size, then energy is released
and the nuclei keep growing, and nucleation no longer occurs. This happens because
the consumption of the solutes is faster than their evaporation. In stage III, the
growth of the formed nuclei continues until the complete depletion of the precursor
solution. The surface dependence lies in the contact angle between the solution

and the substrate used.
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FIGURE 3.8: The nucleation mechanism for the perovskite thin film growth. [39]
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3.5.2 One-step vs two-step deposition

A variety of techniques are used for the formation of perovskite thin films. One
of the simplest and most employed deposition techniques is spin coating. It is a
very simple technique that requires no special equipment for solution-processed
materials. A proper amount of solution from the material of interest is deposited
in a substrate (usually glass substrates) before the start or during the spinning
process. The solvent evaporates due to the centrifugal force and a thin film of a
few up to hundreds of nanometers is obtained.

For the case of the perovskite film, the film is obtained from the initial colloidal
solution. Typically, the perovskite precursor solution includes all the precursor
components, such as Pbly,PbBrs, FAI, MABr, MAI, MACI, Csl, or even RbI and
KI.These precursors added in stoichiometric ratios are dissolved in polar , aprotic
solvents such as DMF,DMSO and ~-Butyrolactone (GBL).The use of DMF results
in large grains. The drawbacks of DMF are the high boiling point and low vapor
pressure which leads to slow nucleation and rapid growth, which prevents the
formation of uniform grains. This leads to a rough, uncovered surface with pinholes
due to the uncontrolled crystal growth. On the other hand, the use of DMSO leads
to the formation of an intermediate phase Pbl,-M AI-DMSO, which retards the
crystallization process due to the stronger interaction of Pb?>*-DMSO compared
to DMF'. This leads to the formation of uniform and dense films.Nowadays, a
combination of these 2 solvents is employed with a usual ratio being DMF: DMSO
4:1. There are 2 approaches to prepare high-quality-dense black, pinhole, and
crack-free perovskite films: These include one-step and two step processes which

will be briefly discussed separately. Each process is presented in figure 3.9

e One step deposition: In the case of one step deposition, all the precursors

used for the desired perovskite composition are dissolved in a DMF: DMSO
mixture. The solution is directly cast on a glass substrate. By spin coating,
a thin film is obtained through the process described previously, which is
thermally annealed in temperatures ranging between 100-150°. Since the
early days of perovskites, this approach was found to be problematic due
to issues that prevented high PCEs. The use of DMF only led to poor
substrate coverage along with the drawbacks that were mentioned. This led
to solvent engineering attempts that were focused on solvent removal. The
solvent engineering method is the famous anti-solvent method [105], in which

a proper amount of a solvent that is polar, miscible with the used polar
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aprotic solvents, and does not dissolve any perovskite precursor is applied.
This approach removes quickly the solvent during spin coating and assists
the uniform nucleation. Many anti-solvents have been employed, even though
Chlorobenzene is the most widely used. Other anti-solvents employed include
toluene, Hexane, ethyl acetate, diethyl ether, and anisole. This approach is
sensitive to environmental lab parameters. Furthermore, in mixed perovskites,
the interaction between the perovskite precursor and solvent molecules differs
upon the composition of precursors. This affects the solvent evaporation
rate, the solubility of precursors in the solution, and optimization must be
performed to find the best timing for the correct anti-solvent dropping.[39]
The use of anti-solvent improves film morphology and reproducibility and

promotes crystal growth because it induces fast supersaturation. [106].

e Two step deposition: Sequential deposition or two-step process for per-

ovskite deposition is another option. In this case, first, the Pb-based precur-
sors such as Pbl, are spin-coated. Then, the deposition of an organic salt
such as MAI or exposure in a liquid or vapor is followed. In the two-step
deposition, the reaction between Pb and the organic salts can be more con-
trollable. This induces the crystallization process that is achieved through
interdiffusion and is enabled by heat treatment (thermal annealing). An issue
that might arise from the two-step process is the remnant unreacted Pbls
due to incomplete MAI or FAI diffusion.

F1cURrE 3.9: Graphical illustration of one and two step perovskite film deposition.
[106]
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3.6 Device Geometries

During the last decade,the PCE of PSCs has dramatically increased,reaching

recently 25.2 % [107], which is very close to Si solar cells.The evolution of the

performance of PSCs is evident from figure 3.10. These high values along with

several other attempts have been achieved by employing two possible geometries:

Normal PSCs, which can be divided into two subcategories: i)Planar and ii)

Mesoscopic PSCs and Inverted PSCs. Let’s have a brief summary of the three

structures presented in figure 3.11:
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PCE (%) perovskite composition device structure (coating procedure) institute” (year)
3.8 MAPbI, liquid junction Toin U (2009)
6.5 MAPbI, liquid junction SKKU (2011)
9.7 MAPbI; solid-state mesoscopic TiO, SKKU (2012)
10.9 MAPbI solid-state mesoscopic Al,O; Oxford U (2012)
12 MAPbI, mesoscopic TiO, KRICT (2013)
141" MAPbI, mesoscopic TiO, (two-step) EPFL (2013)

16 FAPbI, mesoscopic TiO, SKKU (2014)

17 MAPbI, mesoscopic TiO, (two-step) SKKU (2014)
17.9" (FAPbI;), 55(MAPbBr3 )15 mesoscopic TiO, KRICT (2014)
19.3 MAPDI; normal planar, Y:TiO, ETM UCLA (2014)
201" (FAPbI;),4s(MAPbBry ), 05 mesoscopic TiO, KRICT (2014)
20.4 MAPbI, mesoscopic TiO, SKKU (2015)
221" (FAPbI;),55(MAPbBr ) 05 mesoscopic TiO, KRICT (2016)
227 (FAPDI,), 45 (MAPbBr, ), o5 mesoscopic TiO,, fluorene-terminated HTM KRICT (2017)
237" FA 5,MAsPbI, normal planar, SnO, ETM ISCAS (2018)
242" KRICT/UNIST (2019)
252" KRICT /MIT (2019)

P Certified value. “Solar Cell Efficiency Tables” published in Progress in Photovoltaics: Research

and Applications. “Institutes: SKKU = Sungkyunkwan University; KRICT = Korea Research Institute of Science and Technology; ISCAS =
Institute of Semiconductors, Chinese Academy of Sciences.

FIGURE 3.10: The rapid Efficiency evolution of PSCs in the last decade. [39]

e Mesoscopic (n-i-p) Structure: Mesoscopic PSCs was the first device ge-

ometry that was employed.In the early days, it was assumed that the per-
ovskite device works in the same manner as the dye in DSSCs, where the
perovskite is coated in a m-TiO, layer in a liquid electrolyte based electro-
chemical cell. However, further experiments on devices with an insulating
AlyO3 mesoporous layer or without any mesoporous layer ( Compact Titanium
Dioxide (¢-TiO2) was used) showed that both electrons and holes can eventu-
ally transport in the perovskite film without the need to use any scaffold layer.
This was the milestone of differentiating the working mechanism of PSCs from
DSSCs and correlating it with the operation of conventional PN junction solar
cells. The mesoscopic (n-i-p) structure consists of a front electrode which
is usually FTO,a TiO, layer (which can be either compact or mesoporous),
the perovskite absorber,a HTL which is typically 2,2’.7,7-Tetrakis|N,N-
di(4-methoxyphenyl)amino|-9,9’-spirobifluorene (Spiro-OMeTAD) (Spiro is

a small molecule HTL), and a metal back contact, usually Au(Indium Tin
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Oxide (ITO)/c-TiOg/m-TiOy/Perovskite/Spiro-OMeTAD/Au). Many of the
record PCEs over the years have been achieved by employing the Meso-
scopic architecture. The main drawback of the mesoporous structure is the
high-temperature sintering (> 400°) [39] that is required to activate the
mesoporous scaffold layer for the perovskite to be infiltrated.The c-TiO, is

deposited through spray pyrolysis.Mesoscopic PSCs achieve PCEs of more
than 20%.

e Planar (n-i-p) Structure:. This geometry is the same with Mesoscopic
without the Mesoporous scaffold. It usually consists of ITO/SnO,/Perovskite/Spiro-
OMeTAD/Au. As an electron transport layer 790, and ZnO are also
used. Alternatively, as HTL, P3HT and copper-based inorganic materi-
als such as Copper(I) Iodide (Cul) or Copper(I) Thiocyanate (CuSCN)

are used [108]. Most of the efficiency records over the years have been

achieved by the use of Planar PSCs. However, the stability of n-i-p devices
is limited. Spiro-OMeTAD requires doping with the lithium salt, Lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) in order to increase the con-
ductivity of Spiro-OMeTAD [109].The doping is achieved through oxidation
by exposing the devices in ambient environment under controlled humidity.
This results to a HTL that is highly hygroscopic, which accelerates device

degradation.

e Inverted (p-i-n) Structure: Inverted PSCs is another device geometry
that is used,structured as ITO/HTL/Perovskite/ETL/Ag or Al. Initially,
most inverted devices used PEDOT:PSS as the HTL, which limited the
efficiency. Nowdays, the most efficient PSCs are fabricated using PTAA as
the HTL. Another common HTL used is Nickel Oxide (NiOy). Common
ETL include PCgyBMor evaporated Cgo and Zinc Oxide (Zn0O). An interlayer

between the ETL and the metal is either spin coated or evaporated. This

consists of a few nm of the insulating material 2,9-Dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) to improve the contact between Ag and PCgyBM
and device stability.Other alternatives to BCP are Poly [(9,9-bis(3’-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)| (PFN) and
Lithium Fluoride (LiF) [110]. The back metal contact is either Silver
(Ag),Aluminium (Al) or Copper (Cu).Despite that most records have been
achieved using the planar or mesoscopic geometries, inverted devices have
caught up, achieving PCEs close to 23% [111-114].
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FIGURE 3.11: Schematic illustration of device geometries used in PSCs.[115]

3.7 Hysteresis

At the very early stages of fabricating PSCs, rather unusual behavior was observed
initially by Snaith et al. in 2014 [116]: The PCE of perovskite solar cells while
scanning in both directions, forward and reverse is NOT the same. The presence
of hysteresis is mainly due to the perovskite absorber, but the severity depends
on the interfacial transport layers used. Even though it is still an active area of
research, there are three different scenarios for the origin of the hysteresis behavior
in PSCs [117]:

e Bulk or surface defects that act as carrier traps

e Ferroelectric behavior of perovskites due to polarization effects

e Presence of excess ions due to interstitial defects (which are either Iodide or

organic cations)

The hysteresis effect was confirmed by comparing the photocurrent response under-
voltage sweeps for the hysteresis-free Silicon solar cells and PSCs. While no
dependence on time was found for the photocurrent in the case of Si, the perovskite
device’s photocurrent response was time-dependent. It increased exponentially and
remained constant in the case of Forward scan and decreased exponentially and
remained constant in Reverse scan. The exponential dependence of the photocurrent
response is due to the presence of capacitive current. This is a strong indicator that
PSCs can act as capacitors. This brings the question of whether the capacitive
effects originate from the bulk or the interfaces? To answer this question, the effect
was studied on both normal and inverted devices, which correspond to reversed

polarity, leaving the bulk of the perovskite unchanged for both cases. It was found
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that normal devices experienced more severe hysteresis compared to Inverted PSCs.
These two situations described previously are shown in figure 3.12(a),3.12(b).
The next question that must be answered is what is the origin of the capacitive
current? The answer is the 3 bullets mentioned previously. For the case of
defects, in the perovskite film, there is the mechanism of charge trapping/de-
trapping. The present traps are whether shallow, near the conduction band or
deep traps which are located within the bandgap and contribute to non-radiative
recombination. The latter contributes to hysteresis because charge transport is
affected by charge trapping detrapping, and these sites are located mostly at
the interfaces or surface and grain boundaries. Furthermore, the presence of
Schottky defects in the M APbI3 perovskite seems to facilitate ion transport. Real-
time photoluminescence measurements under the application of an electric field
confirmed the migration of iodine anions. Ferroelectricity has not yet be confirmed
as a possible mechanism as there are reports that confirm and argue about its
existence. The most probable mechanism is the presence of ion migration with

interfacial trap-assisted recombination.
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(b)

FIGURE 3.12: a) A comparison of IV curve hysteresis in Normal and Inverted
PSCs and b) Observation of photocurrent transients in PSCs after voltage
sweeps.[118]

3.8 Strategies to increase efficiency

After the initial PCE improvements and continuous improvements in device process-
ing and perovskite film deposition, along with establishing measuring protocols for
the devices by taking into account effects such as hysteresis, several other strategies
have been adopted to further increase the PCE of PSCs. The most common are

the following:
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e Interface Engineering: Since PSCs are typically stacks of different layers

such as electron and transport layers where 4 interfaces are formed,as the
architecture is for example electrode/HTL/Perovskite/ETL/electrode. It is
crucial to create good interfaces as these affect device properties such as
recombination, charge transport, and charge extraction. Interfaces can be
distinguished into electrode/transport layer or perovskite/transport layer
interfaces. For the case of electrode/transport layer, band alignment is often
an important parameter. The work function of metals such as Al is low, at
4.1eV. These contacts are preferred for collecting electrons. To collect holes,
metals with deeper work functions such as Au (5.3 eV) are preferred to match
the VB of the perovskite. Zhou and Yang et al. have treated the ITO with
polyethylenimine (PEI),resulting to increased conductivity,decreased series
resistance and Fill Factor (FF) [119]. Treatment with the same material
in inverted PSCs at the surface of the PCyBM ETL, reduced the work
function of the silver electrode and increased the FF.Another example is the
BCP interlayer (< 5bnm) between PCgBM and Ag, which enhances the FF.
A possible mechanism suggested by Shibayama et al. is that a thin BCP
layer improves electron collection by changing the Shottky contact at the
PCBM/Ag interface into ohmic.[120] Most interface engineering attempts
are focused on the perovskite/transport layer interface. Improving these
interfaces can significantly improve the PCE. Park et al. have treated the
NiO, HTL with PEDOT:PSS .The PCE improved to 15.1 % and the FF
reached 72% [121]. Another case of interface engineering is for the case
of TiOy which has limited electron transfer abilities. A triblock fullerene
derivative (PCB-2CN-2C8) was used which improved charge extraction, the
Voc and the FF,along with reduced hysteresis [122].The possible strategies
for efficient interface engineering are presented in figure 3.13
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FIGURE 3.13: Schematic illustration of various interface engineering prospects
in PSCs.[123]
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e Defect/Grain Boundary Passivation: Polycrystalline perovskite films in

PSCs have a significant number of defects. These defects have a variety of
different origins including vacancies, interstitials, Grain Boundaries (GBs),
interfaces, impurities and charge segregation/clustering. The density of
these defects can largely affect the PCE and mainly the Vo and the FF,
because all these types of defects can act as non-radiative recombination
centers. Reducing the defect density can dramatically improve the PCE. The
passivation can occur in the Bulk of the perovskite films. In the bulk, defects
such as cation/anion vacancies, interstitials, or exchanged ions are usually
found. Son et al. investigated the effect of alkali metal ions on the hysteresis of
PSCs. He concluded that the severity of I-V hysteresis depends on the size of
the alkali metals[124]. Min et al. incorporated the divalent cation of methylene
diammonium (HsNT — CHy — N Hy -MDA). The M DACI, molecules were
introduced at the o — FAPbI; perovskite. Doping percentage up to 5%
stabilized the a phase of the perovskite due to stronger ionic interactions
of the divalent molecules, leading to a PCE of 23.7% and good thermal
stability after exposure at 150° for over 20h. Furthermore, the introduction
of Cl~ interstitial anions in the lattice increased the carrier lifetime [125].
Another route is the passivation of GBs or Surface defects. Specifically,
Alkylammonium halides with long alkyl chains such as ethyl ammonium
(EA™) or octyl ammonium (OA™) have been employed. These materials can
either form two-dimensional perovskite layers or directly act as passivation
agents, as in the case of octyl ammonium [126]. The Phenethylammonium
lodide (PEAI) alkylammonium halide has been recently employed. Jiang
et al. spin-coated a PEAI passivation layer into the perovskite, which led
to the high PCE of 23.2% in planar n-i-p PSCs with an SnO, ETL. The
optimized passivation effect was found to be without heating (annealing), as
this led to the formation of the 2D perovskite PEA;Pbl,. The passivation
mechanism involved the synergistic effect of the m-conjugated structure of
Benzene rings that promote charge transport, and the formation of hydrogen
bonds between the amine groups with iodide ions, with the iodide ions filling
the iodine vacancies. The passivation mechanism for this case is shown in

figure 3.14
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FIGURE 3.14: Device geometry and proposed mechanism of defect passivation
in the bulk of the perovskite with PEAI molecules. [127]

e Tandem Geometry: The main target of Tandem devices is to overcome

the Shockley—Queisser limit, which takes into account factors such as spectral
losses and band-to-band recombination. This sets an upper theoretical limit
of 33.7% PCE for single pn junctions. Tandem devices can overcome this
limit, by stacking 2 device configurations together with 2 absorbers. The
first light-harvesting material (top cell) absorbs the high-energy photons,
while the second material (bottom cell) absorbs the low-energy photons that
have been transmitted through the top cell (figure 3.15(a)). Tandem devices
with two subcells are called Monolithic two-terminal. The two subcells are
connected through a tunnel junction or a recombination layer, where the
overall current density of the tandem device is limited to the lowest current of
each of the two subcells. [39] A combination of two absorbers can be Si and
Perovskite, with bandgaps of 1.12 and ~ 1.6 eV respectively, or a Perovskite-
Perovskite absorber with a high bandgap Pb based perovskite and a tin-based
low bandgap absorber [128].This leads to complementary absorption spectra
(figure 3.15(b)).Al. Ashouri et al. fabricated tandem Si/Perovskite devices by
employing the triple cation perovskite C'sg o5(F Ag.77M Ao.23)0.95(Lo.77B70.23)3
in a p-i-n geometry (figure 3.15(a)).This attempt led to a PCE of > 29 % [128].
In a similar manner, Isikgor et.al have fabricated monolithic Si/Inverted PSCs
devices and enhanced the PCE from 25.4% to 27.4% by using Phenformin
Hydrochloride (PhenHCI) to passivate the perovskite defects [129]
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FIGURE 3.15: a) Device geometry of a Silicon/Inverted Perovskite solar cell
monolithic junction and b) Complementary spectra of Silicon and Perovskite
absorbers. [130]

3.9 Device stability

In chapter 1 we have seen that the operational lifetime of PSCs is much less than
the lifetime of Si cells. The factors that limit the stability of PSCs can be divided
into 2 major categories: The first is the structural/intrinsic factors limiting the
stability, and the second category is related to External /Environmental stability

issues. Each one will be analyzed separately.

3.9.1 Structural/Intrinsic factors:

In section 3.2 we studied phase transitions in perovskites. The Goldschmidt
tolerance factor can give a prediction of whether a combination of anions and
cations will form a stable perovskite a phase. For 0.8 < 7 < 1 we have the ideal
cubic structure or a structure with tilted octahedra. The first case is for 0.9 < 7 < 1
and the second for 0.8 < 7 < 1. When 7 < 0.8 7 > 1 a non-perovskite phase is
formed. Hence, when 7 values are close in the middle between 0.8 and 1, a stable
« phase is formed [131] (figure 3.16). Moving away from 0.9 leads to the formation
of non-perovskite phases, as in the cases of FAPBI3 and CsPbls, where T is close
to 1 and 0.8 respectively. On the opposite, M APbI5 is close to 0.9 and therefore
forms the black a phase. This explains the stabilization of the cubic a phase

in FAPBI3; when MA or Cs or both are introduced. However, tolerance factors
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are more difficult to calculate in mixed perovskites and are estimated by using
Vegard’s law. That being said, the situation becomes trickier for mixed perovskites,
as secondary non-perovskite phases can be formed above a certain concentration.
This means that the tolerance factor rule can no longer predict the structural
stability of mixed perovskites and is suitable only for choosing the proper cations.
The difference in ionic radii in the added alkali metals and the FA,MA cations
can stabilize the structure as long as no secondary phases exist. This means that
phase purity is another important parameter. Another factor is the symmetry
of each structure. In practice, M APbI3 is less stable than a mixed three cation
perovskite with FA, MA, Cs. Experimentally, it has been found that M APbl; has
a tetragonal symmetry while triple mixed perovskite has a cubic symmetry.

Another factor that contributes to intrinsic stability is the ion migration,
which also contributes to the Hysteresis phenomena. Ion migration can occur
whether the device is normally operating or by applying a bias in dark conditions.
Calculations on ion migration activation energies have revealed that iodide is the
most easily migrating ion [132, 133]. Furthermore, in polycrystalline systems such
as perovskites, it is assumed that the grains might contribute to ion migration.
This however has been proven wrong, since ions can also migrate in high quality
MAPbI; and M APbBr3 single crystals [134, 135]. Additional to atomic/ionic
factors affecting the structural stability, the polycrystalline nature of perovskites
can also affect structural stability. It has been found by Zhao et al. that the thermal
strain produced during thermal annealing induces degradation of the perovskite.
The strain is due to the difference in thermal expansion of the Glass/ITO substrate
and the perovskite film. Different levels of strain led to different degradation
rates [136].Rolston et al. concluded the same by studying perovskite films on
Polyethylene Terephthalate (PET) [137]. Strelcov et al. observed a spontaneous
phase transition from cubic to tetragonal under applied stress in M APbI; in
perovskites.Furthermore, crystal orientation is important as some orientations are
more prone to moisture, which leads to crystal planes that degrade faster than the
others.[138, 139]

3.9.2 External/Environmental Factors

External factors like moisture, oxygen, heat, light exposure, externally applied
voltage affects the stability of PSCs, even if we assume that every issue regarding
the intrinsic factors is resolved. Water molecules can easily attach to the perovskite

through hydrogen bonding and form hydrated compounds which can cause local
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changes in the structure of the perovskite. These changes can be reversible up to a
point, while further water penetration makes these changes irreversible. A proper
encapsulation (sealing) of the devices is required to prevent the degradation caused
by humidity. This might increase the overall cost but will offer good protection of
the perovskite device. Moisture tolerance can be improved by adopting various
strategies including the introduction of hydrophobic HTLs as a replacement of Spiro-
OMeTAD, with interlayers between the perovskite and the HTL or by passivating
the defects of the perovskite with small molecules or with a 2D perovskite capping
layer which contains hydrophobic organic groups [44, 140-142]. The introduction
of large organic cations that are more hydrophobic than FA and MA can improve
moisture resistance.

Moisture protection is one of the issues regarding perovskite stability. However,
the perovskite layer is also affected by vacuum, Os or Ny environment, hence these
factors affect the optical and electronic properties of the perovskite and their effect
on PSCs can be more concerning than humidity itself. It has been found that
the PL intensity of single-crystal M APbBrj3 is two orders of magnitude higher
in the air than in vacuum [143]. Another study has shown that the adsorption
of Oy on the M APbI; can passivate the trap states which results in enhanced
luminescence [144]. A more concerning case is the simultaneous effect of light and
oxygen exposure. Oxygen exposure can even occur in a Ny atmosphere glovebox.
Exposure to both oxygen and light leads to the formation of superoxide by electron
transfer from the photoexcited perovskite to the surface of the molecular oxygen.
This decomposes the perovskite by deprotonating the MA cation. Developing
perovskite compositions that are more oxygen-tolerant is a potential solution to
this issue [37]. Electronic processes like ion migration, defect generation, etc. also
affect the stability of PSCs and are affected by light or light bias. An example
of this issue is the photocatalytic degradation by TiO5 [145]. Phase segregation
is another issue that occurs in mixed perovskites with iodide and bromide which
leads to the formation of low bandgap trap states [146]. Increasing the Cs or FA
content can improve crystallinity and morphology, as it is believed that defects
such as halogen vacancies promote this phase separation.

The stability of PSCs depends not only on the perovskite layer but on the
selection of charge selective contacts as well [147]. Spiro-OMeTAD is the most
efficient HTL in n-i-p devices, but suffers from stability issues.As we saw previously,
dopants are required to enhance the conductivity of Spiro-OMeTAD. The Li-TFSI
dopant is highly hygroscopic, which accelerates perovskite degradation. Another
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issue is the diffusion of Li into the perovskite. Other degradation mechanisms
are crystallization, photooxidation, reaction of iodide with oxidized spiro, and
chemical reactions between the additives 4-tert-Butylpyridine (tBP) and Li-TFSI
that lead to the formation of voids at elevated temperatures [37].Aggregates have
been observed for the case of fullerenes in p-i-n devices with a decrease in PCE.
These are formed due to the hydrophobic nature of the fullerene and the hydrophilic
nature of the perovskite. Metal oxides on the other hand are more robust than
organic materials, as in the case of Mo0O,. Another issue is material photostability.
As an example, fullerenes provide better shielding to UV irradiation than the
unstable 770y ETL. SnO, that is widely used in n-i-p devices has a wide bandgap
of 3.6 eV, making it photostable. Metal oxides can generally perform better in
elevated temperatures, with the only exception of ZnO, causing deprotonation
of the perovskite resulting in degradation. Organic molecules can also enhance
the oxygen/moisture stability as in the case of the combination of PCgBM with
Rhodamine. On the other hand, metal oxides such as SnO, are not affected by
moisture or heat but severely affect the perovskite growth and defect density when
they are placed as bottom substrates in PSCs. PTAA which is the most efficient
HTL in p-i-n devices shows better stability than Spiro-OMeTAD in n-i-p devices
but shows poor thermal stability. Copper-based materials with high mobility and
conductivity also possess robust chemical stability. Another polymer, PEDOT:PSS
shows poor stability due to its acidic nature (pH=1.5) that corrodes the ITO and
its hydrophilic nature that accelerates device degradation [147]. Last but not least,
the electrodes can affect the device’s stability. A common example is the formation
of silver iodide or the diffusion of Au in the Spiro-OMeTAD layer [148]. An example
of the effect of charge selective contacts is shown in figure 3.17(a), where perovskite
films with different HTLs are exposed under heat. The perovskite film with PTAA
degrades with the fastest rate among all materials tested, demonstrating its poor
thermal stability. The possible strategies that can be adopted to improve the
operational stability of PSCs are presented in figure 3.17(b).
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F1GURE 3.16: Tolerance factor for a variety of cations with the illustrated
perovskite formation green zone and the formation of non-perovskite phases.[149]

(b)

FIGURE 3.17: a)Effect of thermal stress in perovskite films with different spin
coated HTLs.[150],b)Strategies to improve the operational stability of PSCs.
[37],
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3.10 Moving to large scale

The high PCEs achieved in small area lab cells is very promising, though it has to be
translated into high PCE in large area cells/modules. A series of factors contribute
to the difference in the PCE between small area and large-area devices. These
include the increase in Sheet Resistance, the homogeneity of the film in a large area,
and modifications on the precursor solution, the deposition, and the formation of the
perovskite film to obtain robust uniform films with good reproducibility and similar
PCE values with small area cells. Device scaling up can be based on the current
state of the art for small area device geometries or establishing procedures that lead
to different device geometries. Scalable deposition routes must be found for the
deposition of charge transport layers. A variety of deposition techniques are used
for thin film deposition including blade coating, slot-die coating, inkjet printing,
screen printing, spray coating, vapor phase deposition and electrodeposition have
been applied, as shown in figure 3.18(a).PCEs ranging from 10-14 % have been
achieved in large-area devices in a series of attempts illustrated in figure 3.18(b).
These values are encouraging but still lack behind efficiencies of small area devices.
Un-optimized design for large are devices/modules can severely limit the output
power. The difference in film quality-morphology between the spin coating and
scale-up methods like slot-die coating can result in the observed difference in PCE
between lab cells and large-area devices. Further optimization of the ink/solution
and the annealing drying conditions can reduce this difference. For instance,
the anti-solvent dripping method is not practical to use in large-scale devices.
Instead, methods such as anti-solvent spraying or bath can be employed. Two-step
depositions can also be employed but it is very likely modifications will be needed.
More advanced methods to avoid long annealing periods of 1h have been adopted.
These include rapid annealing methods like IR-sintering, intense -pulse sintering, or
photonic flash annealing. A good understanding of the perovskite precursor solution
chemistry will eventually improve the large area film formation and reproducibility.
Solution aging is a phenomenon that has been systematically observed in PSCs and
should be also taken into account for large-area devices. The processing conditions
must be carefully studied, to reduce the impact of device processing in ambient
conditions. Lastly, cost considerations lead to avoiding expensive materials like
Spiro-OMeTAD. HTM-free devices with carbon electrodes are suitable for large
area devices as they can reduce fabrication costs significantly. Carbon-based devices

are another growing branch to move to large-area devices.
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(b)

FIGURE 3.18: a) Film Deposition techniques to scale up the production of PSCs,
b)A series of fabrication attempts of large area devices and modules [37]



Chapter 4

Experimental Techniques

4.1 Contact Angle Measurement

The contact angle is an indicator of how well or bad a drop of liquid can spread
over a surface, as it is shown in figure 4.1(a). Knowledge of a material’s wettability
in experimental procedures like thin film deposition is important. The wettability
depends solely on the material itself. Surface tension in liquids can explain their
wetting or non-wetting behavior. The surface tension is determined by studying
the interactions between the molecules of the liquid. Molecules located in the bulk
of the liquid experience forces from all adjacent molecules, leading to a net force
of zero. On the opposite, liquid molecules at the surface do not have the same
amount of neighbors as molecules in the bulk which leads to an inward, non-zero
net force as illustrated in figure 4.1(b). The wetting of a liquid and hence the
contact angle are determined from the interplay between cohesion and adhesion.
Cohesion refers to the attraction forces between molecules of the same type while
the forces acting between molecules of different types are named adhesive forces.
When cohesive forces dominate, the liquid has non-wetting properties. If adhesive
forces are dominating, the liquid has good wetting properties.

The symbol of surface tension is usually the greek letter v and is measured in
Newtons per meter (%) The contact angle is measured through a liquid, where a
liquid-vapor phase (the vapor phase is air in most cases) meets a solid interface.
As a consequence, three interfaces are formed: the solid-vapor, the solid-liquid, and
the liquid-vapor phases. The surface tensions of each interface are indicated by
the symbols vysv,vsr, and yry, respectively. The forces exerted by the surface’s
tensions from each surface are shown in figure 4.1(c) . All forces are pulling away

from the equilibrium point, hence under equilibrium, all forces in the horizontal
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axis are equal. According to the force diagram, the resulting formula for equilibrium

condition is the following:

Ysv = Ysr, + Yoy - cosf (4.1)

where 6 is the contact angle. If we solve equation 4.1 for cosf we get the

expression
Ysv — Vst (4.2)

n%

cos =

From this formula we have two different scenarios:

e sy < vsr: In this case, cosf <0 and therefore 8 <90° making the liquid
Wetting.This occurs in a high surface energy solid (eg. a metal) or a liquid

with a low surface tension.

® Y5y > vsr: Here, cosf > 0,hence # >90° and the liquid is non-wetting.This
occurs either in low surface energy solids or in high surface tension liquids
like Water.

(b) (c)

FIGURE 4.1: a)Wetting and non-wetting behavior of a liquid drop b)Interactions
between molecules in the bulk and at the surface of a liquid,c)Diagram of all
forces exerted by each interface. [151],[152]

The Contact angle measurement consists of two steps: Recording an image

and analyzing it through software. The equipment needed is pretty simple. The
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components are a light source, a camera, and a tilting stage. The stage which
is under illumination is aligned for droplets to not move, a droplet of the liquid
is deposited in the stage and then images are captured using a camera. The
image is then analyzed by using code or software which yields the value of the
contact angle. These steps are presented in figure 4.2(a). The measurement should
be performed with caution to avoid unnecessary effects such as low clarity, low
resolution and magnification of the droplet, low contrast, and poor illumination.
Another important aspect of the measurement is to contain the whole droplet
under the camera’s depth of field (figure 4.2(b)).

(a) (b)

FIGURE 4.2: a)Contact Angle measurement setup,b)Factors contributing to
poor image quality. [151]

4.2 Atomic Force Microscopy (AFM) Imaging

Atomic Force Microscopy (AFM) is a high resolution, a non-optical imaging
technique that was initially employed in 1985. It is a very powerful imaging tool
that provides non-destructive, precise measurements of the topological, electrical,

chemical, and a variety of other properties of a sample surface. The AFM can be
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used to obtain 2D and 3D images,where Scanning electron Microscopy (SEM)
provides 2D projections from two dimensional images of the sample.The operation
of AFM is presented in figure 4.3(a).The AFM probe consists of a cantilever with
a sharp tip located on top of the sample. The tip is typically made of silicon or
silicon nitride. A piezoelectric scanner controls the tip and its vertical position on
the sample’s surface. As the AFM tip scans through the surface of the sample,
it comes across regions of different heights, therefore the tip’s height position is
varying. This deflection is monitored using a laser with its beam striking the
tip. The reflected beam is directed to a photodetector. The obtained DC signal
passes through a detector and a series of electronics. A feedback loop algorithm
is used, which is an algorithm that takes part of the output and converts it to
input to maintain an optimum situation, meaning that a series of positive and
negative feedback loops will keep the system optimized by avoiding tip damage.
This mechanism controls the vertical extension of the scanner to keep a constant
deflection and hence a constant interaction force. The AFM imaging system can

operate in a variety of the following operational modes:

e Contact Mode: In contact mode (figure 4.3(b) ), the cantilever scans across

the surface of the tip by maintaining a constant contact with it and conse-
quently a constant interaction force. The feedback loop is used to achieve
constant interaction. The force between the tip and the surface of the sample
is repulsive. To minimize damage to the tip and the sample, cantilevers with
low spring constants are used. This also helps to enhance the sensitivity of

the measurement.

e Non-Contact Mode: In this case (figure 4.3(c) ), the AFM tip oscillates

at a frequency close to its resonance frequency, while it keeps a distance

of several nanometers from the sample. In some cases, the feedback loop
algorithm might keep a constant interaction between the tip and the surface
of the sample. As the tip comes across height deviations in the surface of the
sample, when the tip is very close to the surface, the oscillating amplitude
damps. This mode provides a more precise force control and high-resolution

images

e Tapping Mode: In tapping mode (figure 4.3(d) ), the AFM tip oscillates

through an piezoelectric actuator located at the cantilever.This produces
oscillations of a frequency at or near the resonance frequency. The tip

reaches a close distance from the surface of the sample and touches it slightly.
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Because of the contact with the sample’s surface, the oscillation is damping.
The feedback loop keeps the amplitude and the interaction produced by the
cantilever constant. In this mode, the interaction forces between the sample
and the tip are repulsive. The tip-surface distance must be small, otherwise,
as we see from figure 4.3(e) this interaction force can become attractive. For
tapping mode, cantilevers with spring constants ranging from 10-100 N/m
are used along with oscillation frequencies of several kHz. These conditions
do not allow cantilevers to stick to the surface due to attractive forces. For

soft samples, low spring constants from 0.1-10 N/m are used.

(d) (e)

FIGURE 4.3: a)AFM Measurement setup,b)Contact mode measurement,c)Non-
contact mode measurement,d)Tapping mode measurement and e)Force-
Tip/Surface distance plot [153]

4.3 Uv-Vis Spectroscopy

Knowledge of the absorption properties of each component used in PSCs is very
important. The absorption of perovskite components is in the visible range of

400-800nm and should be as strong as possible to optimize the charge generation
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process. On the other hand, charge transport layers such as the ETL or HTL
should have minimal absorption and strong transmittance in the visible range, to
minimize optical losses. The absorption properties of materials can be studied by
obtaining their spectra in solution or as thin films. In this thesis, all absorption
spectra are obtained from thin films. A Uv-Vis measurement setup is shown in
figure 4.4(a) [154].Usually, Tungsten or Deuterium, or both bulbs are used, which
produce continuous spectra. The light beam contains a large number of wavelengths
(white color). These colors are separated through a monochromator, which is used
for wavelength splitting. The splitting is achieved through a diffraction grating.
For different rotation angles of the grating, different wavelengths transmit. The
beam is then focused through a slit. This scan occurs for wavelengths ranging from
200-800nm. Then, the beam passes through the sample and the light intensity is
monitored through Oftentimes, the beam splits into two separate beams. The first
is for a reference sample and the second for the measured sample. In the case of
measuring thin films, the reference could be a substrate without the coated film
and the second the substrate with the deposited film. Absorption measurements
can be described using the Beer-Lambert law. According to figure 4.4(b), the initial
intensity of the beam is Iy, and the intensity after passing through the sample is

1. These two intensities are related through the formula
I'=1y-exp(—a-d) (4.3)

where « is the absorption coefficient in ¢m ™! units and d is the thickness of the
thin film. The spectrophotometer returns as an output result in the absorbance A,

which is defined as
A= ln% (4.4)

Inserting equation 4.4 into 4.3, we get an expression for the absorption coefficient:

1
a=--A 4.5
- (45)
Reflectance and Transmittance measurements can also be performed through a
Uv-Vis setup by measuring the intensity of the light reflected or transmitted from

the sample. Transmittance (T) and absorbance (A) are related to the formula
A=2— lOgl()(%T) (46)

Regarding Uv-vis measurements in semiconducting materials, the bandgap can
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be estimated using tauc’s plot. The quantity (ahv)% is plotted as a function of hv.
The semiconductor can be either direct or indirect bandgap, yielding two possible

outcomes [155, 156]:
o If n:%, The semiconductor has a direct bandgap

e If n= 2, the semiconductor has an indirect bandgap

reference

source
monachromator

mirrors

- g detector
sample

(a)

(b) (c) .

FIGURE 4.4: a)Uv-Vis measurement setup,b)Schematic illustration of the Beer-
Lambert Law and c) Tauc plot for calculating the bandgap of the indirect Si
semiconductor.[154, 157, 158]

An example of the tauc plot is shown in figure 4.4(c), where the bandgap of
amorphous Si, which is an indirect bandgap semiconductor, is calculated by fitting
a straight line to the linear part of the plot. The y axis is the (ochv)%, as we are in
the case n=2 for the indirect bandgap semiconductor. A similar approach is applied

for the calculation of the bandgap of the perovskite, which is a direct bandgap.
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4.4 Cyclic Voltammetry

Cyclic Voltammetry (CV) is an electrochemical technique that measures the current
response of a solution that is redox-active under the application of a linearly varying
cycled voltage sweep. This technique is useful for studying the thermodynamics of
the redox process, estimating the HOMO or LUMO of the material, and studying
the kinetics of reactions where electron transfer occurs. In general, Voltammetry
is any technique where the current is measured between two electrodes where
their potential varies. The measured current originates from electron transfer
between the redox compound and the electrodes. The current transfers through
the solution by diffusion or migration of ions. While in theory a two-electrode
system is considered voltammetry, in practice it is very difficult to be stable since
redox events at the working electrode resist the potential from remaining constant
while passing a current. As a consequence, a three-electrode system is used to
separate the role of having a reference applied potential to balance the produced
current. One electrode is used as a reference, one is the working electrode and the
last is the counter electrode. As pictured in figure 4.5(a), a circuit is formed that
consists of the solution with the material of interest (analyte), the two electrodes
(plus the reference not shown here), and the potentiostat which controls the voltage
of each electrode. If the voltage sweep (changing the electrode potential) was in
one direction and stopped there, the experiment would be called a linear sweep
voltammogram. However, if we reverse the voltage sweep direction, we have now
performed a cyclic voltammogram. As illustrated in figure 4.5(b), the analyte
or material of interest in the electrolyte solution, will undergo reduction if the
potential energy of the electrode is higher than that of the analyte, therefore it is
energetically favorable for the analyte to gain an electron. In the opposite case,
if the potential of the analyte is higher than the potential of the electrode, it is
preferable in terms of energy for the analyte to lose an electron and oxidize. In
both cases, the main target is the minimization of the potential energy of the
system. The potentiostat alters the applied potential and then we observe where
the current is flowing to learn the electron transfer dynamics of the analyte. The
voltage is applied between the working and the reference electrode, and the current
is measured between the working electrode and the counter electrode. The potential
is affected by the electrolyte, the solvent, and the nature of the working electrode.

The CV curve is shown in figure 4.6(a),4.6(b). In most cases, Ferrocene (Fc¢/Fct)
is used as a reference. The CV curve has a ”duck shape”. The upper part (facing

upwards) of the curve corresponds to oxidation, while the symmetric part facing
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downwards is the reduction process. In these regions, there are two peaks due to
oxidation and reduction. So, how does the duck shape of the CV curve occurs?
The peaks on the voltammogram appear due to redox species-our material of in-
terest. To measure the electron transfer properties of the analyte, reference material
is used. The most common is Ferrocene (Fc). The equilibrium state is described
through the Nernst equation, which relates the potential of an electrochemical cell
E with the standard potential of a species E° and the relative activities of the
oxidized and the reduced analyte in equilibrium. Hence,E° is obtained through the

reference material, which is Fc.The Nernst equation is described by equation 4.8

RT (0707
E=E"+—.1 4.7
+ nkF . (aRed> ( )

,where R is the universal gas constant, T is the temperature, F is Faraday’s constant,
and n is the number of electrons and ap,, ag.qy are the activities of the oxidation
and reduction process. Activity is defined as the effective concentration of a species
in non-ideal conditions. It corresponds to the effective chemical potential of a
solution rather than an ideal one. If the formal potential E° is measured under
ideal conditions (activity of all species=1,temperature=298K and pressure=1bar),
then the standard potential is replaced by the formal potential E% .In addition,
the activities are replaced by the respective concentrations of Fc and Fct. If the

number of electrons is set to 1, the Nernst equation is converted into

E=E"+ % -In (&fﬂ) (4.8)

the concentrations are preferred because they are directly linked with the
experiment. The formal potential is specific to the experimental conditions and
is often estimated by the experimental £/, value called half potential. In a
conclusion, the Nernst equation provides knowledge about the response of the
system when the concentration of its species or the electrode potential is changing.
When a potential E°= EY=F, /2 is applied,the Nernst equation predicts that for
the case of Fc the system will be reduced to Fc until [F¢] = [F¢t].When the Fet
solution is scanned to negative potentials,F'c™ reduces to Fc near the electrode
which leads to a measured current and depletion of the Fc' ions at the surface
of the electrode.The concentration versus distance is plotted in the figure 4.6(a)
,where F'¢t (blue line) and Fc (green line) and correspond to different points of the
voltammogram. The concentrations of F'¢t vs Fe as a function of distance from

the surface of the electrode are dependent on the applied potential and how species
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are moving between the surface of the electrode and the bulk of the solution. All
these factors contribute to the "duck” shape voltammogram.

Returning to figure 4.6(a), when the potential is scanned negatively (cathodic)
from A to D,Fc* depletes near the electrode as it converts to Fc. At point C, where
the peak cathodic current (i,.) is observed, the current is governed by providing
additional Fc¢* ions from the bulk solution. The volume of the solution at the
surface of the electrode containing the reduced Fc (called diffusion layer) increases
through the scan. This slows down the mass transport of F¢t to the electrode.
When the scan progresses to more negative potentials, the diffusion rate of Fe't
from the bulk to the electrode surface slows down further and the current increases
as moving from C to D. When the switching potential D is reached, the direction of
the scan is reversed and the scan now continues to the positive potential (anodic)
direction. As the concentration of the Fc¢* ions from the electrode surface is
depleted, the concentration of Fc at the electrode surface increases, and the Nernst
equation is satisfied. Then, the Fc present at the electrode surface oxidizes back
to Fct as the positive potential further increases. At the points B and E the
concentrations of Fc and F¢t at the electrode are equal. The Nernst equation then
yields E=FE, /5. This is the halfway potential between the observed peaks C and F
which can lead to a straightforward calculation of E”. The peaks are separated
due to the diffusion of the analyte to and from the electrode. Then, the halfway
potential is calculated by the average of the anodic cathodic peak potentials (£,.)

and (E,,) o
pc + ap

2

Another parameter that affects the obtained voltammogram is the scan rate

E1/2 — (49)

of the applied potential. Fast scan rates can lead to a decrease in the size of the
diffusion layer, which leads to higher observed currents. Electron transfer processes

involving redox species free to diffuse are described by the Randles-Sevcik equation:

(4.10)

nFvDy 1/2
RT

i, = 0.446nF AC° <
,where i, is the cathodic peak current,n is the number of electrons transferred in
the redox event,A is the area of the electrode (cm?),Do(ecm? s1) is the diffusion
coefficient of the oxidized analyte and C° (mol ¢m™3) is the Bulk concentration
of the analyte.It then follows from equation 4.10 that the cathodic peak current
depends on the square of the voltage scan rate. The HOMO level can be then
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calculated from the empirical equation [159]

EHOM0(6V) = —e[on + 4.4] (4.11)

;where F,, is the onset oxidation potential which is calculated from the CV curve
as illustrated in 4.6(b).

(a) (b)

FIGURE 4.5: a) Circuit diagram and charge flow in CV,b) Interaction between
the electrodes and the analyte. [160]
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(b)

FIGURE 4.6: a) Step-by-step Breakdown of a CV Voltammogram, b) Typical
CV curve with denoted quantities to calculate the halfway potential and the
HOMO energy level [161, 162]
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4.5 Steady-State and Time-Resolved Photolumi-

nescence Spectroscopy

4.5.1 Steady State Photoluminescence

PL is a non-destructive technique that measures the light emission of any material
after excitation (absorption) from a light source. To gain a better understanding
of the PL process, it is best to start from a Jablonski diagram as shown in figure
4.7(a),4.7(b).This is an energy diagram with the vertical axis representing energy.
Every column represents a specific spin multiplicity. The bold lines represent energy
eigenvalues of the electronic states, while the lines underneath represent the various
vibrational energy levels for each electronic state. Each vibrational energy level can
be further divided into rotational energy levels. After the absorption of a photon
of a single energy, the system relaxes by many different possible processes. The
absorption process is rapid and leads to the excitation of an electron in a higher
energy state (purple arrow). The first possible relaxation process is vibrational
relaxation, a non-radiative process (blue arrow). If the electron is excited in a state
higher than the first excited state, the vibrational energy levels have a stronger
overlap with the electronic levels. This can lead to a transition from a vibrational
energy level of an excited state to a lower vibrational level of another excited
state (green arrow). This process is called Internal Conversion. Another relaxation
mechanism is the Fluorescence (or PL) process (red arrow ) (figure 4.7(b), in which
the electron falls back to the ground state emitting a photon. This transition
occurs commonly between the ground state and the first excited state because
in higher energy states the relaxation occurs through vibrational relaxation or
internal conversion. This transition is radiative and the energy of the emitted
photon is always less than the energy of the photon that excites the electrons due to
energy dissipation through vibrational relaxation or internal conversion. Another
relaxation mechanism is intersystem crossing. In this case, the electron changes
spin multiplicity from singlet (S) to triplet (T). This transition is usually slow and
forbidden but if vibrational coupling factors are introduced into the selection rules,
the transition becomes weakly allowed. The electron then relaxes with a process
called Phosphorescence, where the electron falls back to the ground singlet state by
emitting a photon. The timescale of each phenomenon and an indication whether

is radiative or not is shown in Table 5.1.
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(a)

FIGURE 4.7: a)Jablonski diagram with absorption (purple),internal conver-
sion(green),Intersystem crossing (brown),vibrational relaxation (blue) and flu-
orescence (pink),b) Jablonski diagram with the processes of absorption (pur-
ple),internal conversion and vibrational relaxation (green) and Fluorescence

TABLE 4.1: Jablonski Diagram processes,Time scale and which of them are

(red). [163]

radiative [163]

(b)

Transition Time Scale (s) | Radiative Process?
Absorption 1071 Yes
Vibrational Relaxation 10714 — 1071t No
Internal Conversion 10714 — 1071t No
Fluorescence 107 — 1077 Yes
Intersystem Crossing 1078 — 1073 No
Phosphorescence 107 — 1071t Yes

Let’s now study the PL process in semiconductors. Semiconductors can either

be direct on indirect bandgap. In both cases, for PL to occur, the energy of

E the photons used for the excitation must be greater than the bandgap of the

semiconductor F,.In other words, the condition £ > E, must be satisfied. In the

case of direct semiconductors, the incoming light excites an electron from the VB to
CB, leaving behind a hole. The electron relaxes then into the bottom of the CB by
emitting phonons. When the electron reaches the bottom of the CB and the hole at

the top of the VB, they recombine radiatively or non-radiatively. The momentum

of the photon is negligible compared to the electron, so the recombination occurs

in the same value of the crystal momentum k=0.Direct transitions are showed in

figure 4.8(a).
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The situation is completely different for the case of indirect gap materials
shown in figure 4.8(b). In this case, the top of the VB and the bottom of the
CB are not in the same k in the Brillouin zone, therefore phonon absorption or
emission is required to conserve the momentum. This requirement makes this
process a second-order, hence the transition probability decreases. The radiative
recombination lifetime is consequently much longer than for direct transitions. This
makes the PL process not very efficient, hence indirect semiconductors such as
Silicon or Germanium are not preferred for light-emitting applications.

A typical PL setup is presented in figure 4.9(a). This consists of a laser or a
bulb that produces a beam of a single wavelength or a variety of wavelengths, the
sample of interest where the beam strikes, several lenses or other optical elements to
collect the emitted light, and a spectrometer with a diffraction grating to measure
the response for each wavelength. The sample oftentimes is placed in a cryostat to
obtain a strong enough PL signal to overcome the noise. This is due to the exciton
binding energy in some materials. When the exciton binding energy is smaller
than the thermal energy KpT' ~ 25meV, then no excitons are observed at room
temperature.

Perovskite materials exhibit strong PL at room temperature. PL. measurements
are used to observe how the charge transfer process is affected after different types
of device modifications to enhance the PCE such as defect passivation or use
a different charge transport layer. The effect of PL. quenching is studied. PL
quenching is the process of the reduction of the PL intensity. This can be due
to charge transfer, energy transfer, or the presence of defect states. For example,
a pristine n and p-type semiconductor have an intense emission peak. If these
materials are brought together, the PL emission intensity drops due to charge
transfer between the electron donor and acceptor [164]. In perovskite compounds,
PL quenching (figure 4.9(b) [165]) is an indicator of efficient charge transport and
extraction. At V¢, perovskite compounds should ideally be strong light emitters,
which shows no severe recombination effects. Furthermore,PL peak shifts can

provide information about the increase/decrease of non-radiative recombination.
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(a) (b)

FIGURE 4.8: a)PL in direct semiconductors, b)PL in Indirect semiconductors
[166]
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FIGURE 4.9: a)Typical Experimental setup of a PL measurement,b)Illustration
of PL quenching [165, 166]
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4.5.2 Time Resolved Photoluminescence

The TRPL is a technique that can study the time evolution of the fluorescence
in a sample. It is a non-destructive method that provides information about the
exciting species of a sample. The timescale of fluorescence and its nature have
been analyzed in the previous section. TRPL relies on the Time Correlated
Single Photon Counting (TCSPC) technique. The experimental setup of TRPL
is presented in 4.10(a). This method detects single photons and measures their
arrival times on the detector concerning a reference signal, typically the light source.
TCSPC is a statistical method that requires a light source with a high repetition
rate. A sufficient number of photon events are required to obtain statistical data
precision. The light source is typically a monochromatic pulsed laser with a high
repetition rate, on the order of MHz.The wavelength of the laser should be sufficient
to excite the sample. A light pulse by the laser is emitted as a reference signal
which is considered as the START pulse. The detection of the reference signal
enables the time recording in the system. Afterward, another pulse is emitted from
the laser through the sample, which re-emits light (Photoluminescence). The signal
from the sample reaches then the detector after a time interval t which acts as
a STOP signal and the system stops recording time. The time interval between
the START and the STOP signal is a single photon event which is stored as a
memory value in a histogram that displays photon events as a function of time.
Due to the high repetition rate of the laser, millions of START-STOP signals can
be measured in a short period. The photodetectors that analyze the signal are
typically photomultiplier tubes Photomultiplier Tubes (PMT). Photomultipliers
convert an incoming photon to an electron by interacting with a photocathode.
The electron is then accelerated by another electrode(s) to multiple dynodes(metal
plates). After striking each dynode, multiple electrons are also released, leading
to signal amplification. However, PMTs are not that suitable for fast detection.
Instead, micro channel photomultipliers or photon Avalanche photodiodes are also
employed. It is crucial to ensure that no more than 1 photon is detected per light
pulse. Multi-photon signals can affect the histogram statistics and yield erroneous
measurement results. This issue is known as the ”"Pulse pile-up problem”.This
originates from the fact that the detector and the electronics have a ”dead time”
after a photon is detected and then they cannot respond for some time (figure
4.10(b)). For this reason, the STOP pulse rate must be kept low, typically below
5% of the START rate [167].
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An example of a TRPL decay is presented in figure 4.10(c). It is crucial for
every recorded decay to also record the Instrument Response Function (IRF). This
function contains all the contribution from detector electronics and the contribution
from the laser pulse that affects the obtained signal histogram. Hence, the excitation
laser source sets the lowest limit of detection. If however, the TRPL decay is close
to the IRF, it means that the data are convoluted and we cannot be confident
about the measured decay. From TRPL measurements we can obtain the lifetime of
the excited species. If n(t) is the population of the excited species, this population
can be effected either by radiative or non-radiative recombination. Furthermore,
the recombination rate depends on the number of charge carriers. This means that

the number of exciting species varies as shown in the equation 4.12:

dn(t)
dt

;where k,.qq,knon—raq are the rates of radiative and non-radiative recombination

= _(krad + knon—rad) ' n<t) (412)

respectively. The solution leads to the expression
n(t) = ng - exp(—t/7) (4.13)

, where 7 is the lifetime. The intensity of the measured signal is proportional to
the number of the excited species, n(t) oc I(t). If the decay is mono-exponential,
then I(t) = Iy - exp(—t/7). However, if more than one component are contributing

to the decay, then for i-contributions it follows that

I(t) = Z A; - exp(—t/7;) (4.14)

,where A; are the pre-exponential factors and 7; is the lifetime of each process. The

fractional contribution of each decay component can be estimated as:

A
¢ = ——T1 . 100% (4.15)

N

Z Al * T
=1

and the average lifetime can be calculated through the equation

N
> AiTi2
=1 (4.16)

Tavg =

N
> A
=1
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The exponential fitting function has the form
R(t) = B+ Ay -exp(—t/m) + Ay - exp(—t/m) + ... (4.17)

,where B is introduced to take into account noise correlated to the electronics of
the measurement. An important parameter that governs the quality of the fitting

is the x? factor, defined as:
Fi — Su)?
x> = Zw,ﬁ—< i - k) (4.18)
!

,where wy, is a weighting factor for individual data points,F}, are the data points
of the fitted curve,S; are the measured data points and n is the number of free
parameters which is approximately equal to the number of fitted data points
subtracted by the number of lifetime parameters used in the fit. The y? does not
depend on the number of data points or fitting parameters. For data following a
Poisson distribution, the limit for a good fit is x?=1. However, values of 1.1-1.3 can
still be acceptable under certain conditions. If the fitting has been inappropriately
chosen, then y? is less than 1.

For perovskite compounds, TRPL decays can be recorded in a variety of stacks
as shown in figure 4.10(d). The complexity of the measurement increases as we
move to the right and adding layers. The charge carrier dynamics that are affected
by generation-recombination, diffusion and drift are governed by the continuity
equation:

dn d*n(x,t)

dn(x,t)
% = Gext(xat)+Gint(xat7nap)_R(ajvt?n?p)_l_Dn de -

+Eu, (4.19)

where x is the coordinate normal to the layer surface,t is the time, G, is the
generation rate of e-h pairs due to external illumination (light),G;,, is the generation
rate due to the absorption of photons generated by radiative recombination within

the device, a phenomenon known as photon recycling, that takes place in perovskites.

KpT
q

is the thermal voltage,E is the electric field and p, is the

R is the recombination rate, D,, = pu, - is the diffusion coefficient for electrons
KpT
q

electron mobility.Depending on the studied mechanism, whether it is perovskite

or holes with,

passivation or modifications in charge transport layers, the used fitting function
has two components. The first component 77 or fast component is related to
interface recombination or charge transport, and the second with non-radiative

recombination originating either from the bulk or from the interface [168-171].
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(d)

FIGURE 4.10: a)Typical setup for TCSPC measurements,b)The ”pulse pile-up”

effect in TCSPC measurement and c)A typical TRPL decay with the indicated

IRF for a 2D material in SiO5 substrate and d)Complexity of interpreting data
in TRPL by adding various layers [172-175]
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4.6 IV Characterization of solar cells

The IV curve of a solar cell diode is the fundamental characterization method
of solar devices. The first and the absolute parameter that shows how efficient
a device is is the PCE.The PCE is extracted by three parameters: 1) The Vo,
the 2) Short Circuit Current Density (Jsc), and the 3) FF. In addition to these
parameters, the IV curve is also affected by resistive effects. A typical IV curve
is presented in figure 4.11. The current increases exponentially with increasing
voltage as predicted from the diode equation. The V¢ and the Jg¢ represent
the maximum theoretical voltage and current for a solar cell for zero current and
voltage respectively, or open circuit and short circuit. In practice, every solar
cell has an optimum operation point in the IV curve, which produces the highest
output power, the Maximum Power Point (MPP). The MPP curve exhibits this
single maximum point. The FF is the ratio between the output power in the MPP

and the maximum theoretical power by the cell,

Vivep - Iup
FF = — —— 4.20
Voc - Jsc (420)

Geometrically, this can be expressed as the ratio of the area A and area B under
the IV curve as shown in figure 4.11. In a laboratory environment, the photovoltaic
parameters are extracted by using a solar simulator. The PCE can be defined
as the ratio of the maximum power produced by the cell (Pyax) divided by the

power of the radiation incident on the device (Pryc¢):

pop — Dirax (4.21)
Pinc

Current,
Power

Isc O
. o vmum

FF=Imp=\Ymp
Iscx\oc
=area i
areaB

u
Voo Voltage

FIGURE 4.11: Characteristic JV and power curve with graphical illustration of
the Fill Factor [176]
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In laboratory conditions, the PCE measurement is performed by using a solar
simulator setup,which is shown in figure 4.12(a). It consists of a power supply
source that will apply a voltage on the device, which is connected by two terminals
or a board system. The current response of the device is then measured by coupling
the simulator with a computer, where the IV curve is obtained by using the software.
A lamp is used to produce a steady power output. The spectrum of the lamp is
filtered by using an Air Mass Global (AM1.5G) filter and a collimated lens to
produce a diffuse and homogeneous light beam for the solar cell. The measuring
protocol of solar cells involves the use of the AM1.5G spectrum. The typical
incident power where the JV curves are obtained is at 100 mW /cm? one sun
illumination. As illustrated in figure 4.12(b), the Air Mass is defined as the path
length of the solar radiation at an angle # through the atmosphere, divided by the
shortest path length. The shortest path length is when sunlight is overhead. When

the sun is at an angle #, the air mass is defined as

1
AM = — 4.22
cost ( )

The PCE of a solar cell is sensitive to changes in the power or spectrum of the
incident radiation.To have comparable results when efficiencies are measured in
different locations and times, a standard spectrum is defined for the Earth’s surface
and outside the Earth’s atmosphere: The standard spectrum at the Earth’s surface
is the so-called AM1.5G spectrum, which corresponds at an angle from the vertical
sunlight position of 48.2°, while the standard spectrum outside the Earth is the
AMO spectrum. The AM1.5G spectrum is pictured in figure 4.12(c).

Among the 4 main photovoltaic parameters, it is useful to study a solar cell
in a circuit model to account for resistive effects. The circuit representation is
shown in figure 4.12(d). Solar cells are modeled by two different resistors, the
Series Resistance (Rg) and the Shunt Resistance (Rgy). The series resistance is

graphically calculated close to the open circuit Voltage region (figure 4.12(e)) as

oJ

Rg = 2L
ST oV

(4.23)

V=Voc

As the slope increases, the JV curve "bends” as depicted in figure 4.12(e) . The
Shunt resistance can be graphically estimated near the short circuit current point
as

Rsy = (4.24)

v

V=0
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The series resistance is a resistor to model all losses that arise from each layer
that makes up a solar cell stack, each material contributes to the resistance up
to a limit. The shunt resistance is due to alternate current paths on the device,
or shunts, that resist charge extraction. These can include GBs or traps in the
perovskite etc. Ideally, the series resistance should be zero or as small as possible
and the shunt resistance should be infinite or in practice as large as possible. An

enhanced Rg or Rgy can have a negative impact on the FF.
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(e)

FIGURE 4.12: a)Solar Simulator setup,b)Illustration of Air Mass,c)The AM1.5G
Spectrum,d)Circuit diagram of a solar cell and e)Effect of varying Series or Shunt
resistance on the solar cell J-V curve[177-180)

After defining the measurement protocol for devices, we will have a closer
look at the photovoltaic parameters by starting from the Voc. The Vo can be

calculated from the solar cell diode equation by setting the current equal to 0

Vv KT (]
J=Jo-exp (nqﬁ) — Jpy = Voo = ”T In (% + 1) (4.25)
0
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Where Jj is the reverse saturation current, %T is the thermal voltage (= 25meV),n
is the diode ideality factor and Jppy is the light-generated current. The above
equation shows that the V¢ depends on the photocurrent and the saturation
current Jy.Jy is affected by recombination effects in the device as it has a dependence
on the diffusion length, hence the V¢ is affected by recombination effects in the
device. The ideality factor n originates from charge transport and non-radiative
recombination losses. Ideality values larger than 2 are associated with severe
non-radiative recombination effects. Increasing the diffusion length will lead to a
shorter leakage current Jy and improve the Vpo. In PSCs, a variety of strategies
can be adopted to improve the V¢ such as energy level engineering by for example
using an HTL with a deeper HOMO, by using a cathode with a low work function,
by using barrier contacts, increasing the Shunt resistance, improving the carrier
mobility and lifetime, reducing the energy disorder by improving the crystallinity
of the perovskite layer and eliminating non-radiative recombination in the bulk or
at the interface, as well as other methods. The V¢ originates from the difference
between the Quasi-Fermi level (Er.) at the ETL/active layer interface and the
hole Quasi-Fermi level at the HTL /active layer interface (Er;). Without taking

into account non-radiative recombination, the Voo can be expressed as

1 n 4
VOC = g(E;F76 - EF,h) = Eg - kBT In (N—C> - k‘BTln <N—V) (426)

,where n,p are the electron and hole concentration, F, is the bandgap and N¢,Ny
are the effective densities of states for electrons and holes respectively, with values in
the range of 10'® for perovskites. Therefore, the Quasi-Fermi level splitting (QFLS)
(4.13(a)) is determined by the charge density in which the thermal generation rate
balances the recombination rate.If interface recombination is considered, the Voo
will further reduce compared to taking into account only QFLS. The voltage losses

will then be calculated as

AE = qAVoe = E, — qVoc
= (Ey — qV58) + (VS8 — aVoE) + (aV5E — aVoc)
— (B, - qug) i AVOraCd,belowgap 1q Avongnfrad
= AE, + AE, + AF; ~ AE, + AE;,

1
=qV59 + kpTln [ ———

(4.27)
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where Vosg Vied | Voe are the maximum voltage under the Shockley-Quisser

limit,the maximum voltage under the SQ limit and the actual V¢ respectively, and
EQFEgy is the quantum efficiency of Electroluminescence.The term AE, = (E, —
qVOSé2 ) corresponds to the unavoidable energy loss of radiative recombination for
absorbing in energies larger than E,.The term AE; = qAVé%dbdowgap corresponds
to losses for absorbing in energies less than the bandgap and the third term
AFE; = qvgg"*md originates from non-radiative recombination. EQFEg; will be
high for low non-radiative recombination.The built-in potential V}; can have various
definitions such as difference in the work function of the electrons, QFLS,or work
function difference between the charge selective contacts,which is represented
by the difference between the HOMO(EgrL momo) of the HTL and the LUMO

(Eprr.rumo) of the ETL.The Vj; is correlated to Vpoe through the formula:

Vi = (Ferr.oomo — Eern.nonmo)/q
= (Egrr,como — Ere)/q+ AEr/q+ (Epn — Enrr,nomo)/q (4.28)
:¢e/Q+VOC+¢n/q

where ¢.,¢, is the work function of the ETL and HTL respectively and AEg
is the QFLS.The presence of the V}; affects carrier dynamics, charge dissociation
and transport. Despite that V}; explains the origins of the V¢,it can overstimate

it.An alternate expression for the V¢ is the following:

keT [ JseNpT,
Voo = =8 ln( oC fof> (4.29)
q qnid

where, n is the ideality factor % is the thermal voltage, Np is the doping density,
Tesf is the effective carrier lifetime, n; is the intrinsic semiconductor concentration
and d is the thickness of the active layer. It is evident from this equation that a
larger absorption coefficient leads to a higher carrier lifetime and V. Strategies
related to optimizing the perovskite layer or charge selective contacts can impact
the Voc.

The Jgc is affected by the area of the solar cell which is the reason that current
density is preferred (typically in mA /cm?), the intensity (or power) of the incoming
light, the spectrum of the incident light, optical properties like absorption and
reflection and collection probability that depends on the carrier lifetime. The circuit
picture is the same as in figure 4.12(d), despite that perovskites are commonly

depicted as capacitors in circuit diagrams. In the ideal case, Js¢ = Jpy if we
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neglect shunt resistance. The ideal current not affected by Space charge limited

effects can be expressed as
Jsc = Jpu = qG(Le + Ly, + W) X Nint = Narife + Naiy (4.30)

,where G is the average generation rate in the active layer, L., Ly, is the electron-hole
diffusion length,W is the width of the depletion region,n;,, is the Internal Quantum
Efficiency (IQE) which has contributions from drift and diffusion. These are affected
by the absorption coefficient, recombination rates at the front and rear surface of
the active layer, the built-in potential, mobility, and diffusion length. The total
generation rate is

G =Gpy+ GTHERM (431)

, where Gpy and Grygry are the optical and thermal generation rates. The

leakage current depends on the thermal generation rate as
Jo = qLGtherm (4.32)
,while the optical generation rate affects the Jgc:
Js¢ = Jpy = qLGpy (4.33)

The Js¢ depends strongly on the generation rate and the diffusion length. These
parameters are governed by charge generation, transport, and extraction. From
thermodynamics, the optical and thermal generation rates can be calculated as:
dl(z,hw) q
Gpu(x, hw) = =i (hw) - ——— - — 4.34
where, 7;,; is the IQE,A is planck’s constant, I is the light intensity,x is a length

along the active layer and w is the frequency of the incoming light.The thermal

generation rate is determined by

—F
Giherm = BN N exp (ﬁ) (4.35)

q(ptetitn

,where § = = ) is the Langevin recombination rate coefficient with electron

and hole mobility p,p, and vacuum permittivity eg, NV, N, are the total densities
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of states for electrons and holes and £ is the bandgap.The IQE is expressed as :

exp (—aW)

it * 1+ al,

(4.36)

where « is the absorption coefficient,W is the depletion region width and L. is the
electron diffusion length.The depletion width is given by

w = \/ 2¢co(aVei — aV) (4.37)

q2<NA - ND)

where €,6y are the perovskite and vacuum permittivity,Vy;, V are the built-in
and the applied potentials and N4 Np are the acceptor and donor concentrations

respectively. The diffusion length that determines the Jg¢ is given by

U, - Oc - Ny

kpT kpT 1
L.=\/D. 1. — L.Me.n:\/i.ue S (4.38)
q q

1
VipOe Nt

is the Shockley Read Hall (SRH) recombination lifetime with vy, being the thermal

where % is the thermal voltage, p. is the electron mobility, and 7, =

velocity,o, is the trap capture cross-section of the electron and N; is the SRH trap
density. The SRH recombination is a monomolecular first-order process and occurs
at deep trap states which act as non-radiative recombination centers in the bulk.
An enhancement in the Jsc can be achieved by three parameters: 1) The perovskite
active layer should have a high absorption coefficient and as few defects as possible,
which makes crystallinity a very important aspect,2) Use of a transport layer with
high charge extraction and aligned energy levels and 3) Surface architecture by
employing surface passivation or anti-reflection coatings to reduce optical losses.
The FF losses are illustrated graphically in figure 4.13(b).There are 3 differently
colored areas.The yellow area corresponds to radiative losses in a Shockley-Queisser
(SQ) manner.The purple zone is related to non-radiative losses and charges transport
losses. The FF can be affected both by the Vo and the Jso.FF losses are the result
of charge carrier dynamics such as charge generation, transport, recombination,
and extraction. Effective charge generation, rapid and balanced charge transport,
reduced non-radiative recombination, and charge extraction free of charge losses
can enhance the FF. This is because the charge generation in the active layer is
inversely proportional to its thickness. This increases the built-in electric field and
therefore charge dissociation and extraction by increasing FF and simultaneously

reducing the Vpc.Reducing the thickness of the charge selective contact can also
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reduce the FF due to low carrier mobility that leads to charge accumulation
(formation of space charges), leading to low charge dissociation. After charge
generation, carriers must be extracted immediately as unbalanced mobilities in
the active layer or selective contacts can lead to the formation of space charge
limited currents which leads to bimolecular recombination and inefficient charge
transport and extraction.Recombination losses can be either SRH or bimolecular,
i.e Langevin-type recombination between CB electron and VB hole due to charge
accumulation.Suppressing higher-order recombination from the perovskite GBs
and increasing charge extraction efficacy at the interfaces improves the FF. Other
factors that limit the FF include unbalanced diffusion lengths,large energy-injection
barriers,bad contacts,and defective interfaces. The maximum FF by considering
the SQ limit is :

© —1In(©+0.75)

Flyax = O+1

(4.39)

Voc

e The above equation shows that the maximum FF can occur if no

,where © =
further charge transport losses occur.If series and shunt resistance are considered

according to the equivalent circuit model, the FF can be obtained by:

@ 0.7 FFseries
FF = FFspnins <1 - g - ) (4.40)
T'parallel
,where
2
re .
FFSERIES - PW-FMAX<1 - ]-']-Tse’ries) + % (441)
and IR
scirs
Tseries = 4.42
Voo (4.42)
7 JscRsu (4.43)

Tparallel =
paralle
Voc
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FIGURE 4.13: a)QFLS illustration in p-i-n PSCs,b)Graphical presentation of
FF losses (purple,yellow) [181, 182]

It is evident from equations 4.40,4.41 that a high FF can be obtained by
small Rg and a large Rgpy.Under realistic operating conditions, the resistances
are a function of bulk and interfacial charge transport. Optimizing the FF relies
on managing carriers by a variety of tactics. The main target is to minimize
recombination effects including non-radiative crystallization induced recombination,
passivation of GBs, defect passivation or use of different A-site cations, rapid charge
transport by balancing mobility and diffusion length.Radiative SQ recombination
is unavoidable. We finally have to keep in mind that in physical processes there
are trade-offs, as in the case of FF for example we have seen that strategies to

enhance FF can reduce the Voc.

4.7 External Quantum Efficiency (EQE) Measure-

ment

From the previous section, the measuring protocol of devices requires the use of
a solar simulator with a bulb that simulates a 1sun illumination in the AM1.5G
spectrum. However, the photon flux of the simulator does not match the sunlight
photon flux, which leads to a spectral mismatch. Hence, the obtained Jg¢ from
the solar simulator is not correct. An accurate calculation of the Jg¢ is performed
from External Quantum Efficiency (EQE) measurements. The EQE is defined as

the ratio of collected charge carriers divided by the number of incident photons in
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the solar cell:

electrons.collected/s — Ippg(A) 1

EQFE = =
@ incident.photons/s q o(N)

(4.44)

, where Ipy(A)/q is the photocurrent per charge unit or charge carrier flux and
¢(A) is the photon flux. As an example, if 10 photons are incident on the solar cell
and 7 are collected, the EQE is 70%. If we are interested in the number of photons
absorbed by the active layer, then we can use the IQE which is defined as the
ratio of the number of charge carriers collected by the solar cell to the number of
photons of given energy that shine on the solar cell from outside and are absorbed

by the cell:
carriers.collected/s — EQE

- absorbed.photons/s 1 —R—T

IQE (4.45)

where R and T are the Transmission and Reflectivity. The IQE can provide
information about wavelengths lost due to parasitic absorption or where there are
issues regarding the charge extraction process.A typical EQE measurement setup is
shown in figure 4.14(a).It consists of a light source, typically a Xenon lamp, which
produces a continuous spectrum. The light then passes through a chopper wheel
which has an on-off frequency on the order of 120Hz. The chopped light will then
pass through a monochromator that selects a very narrow band of wavelengths
with the aid of a diffraction grating. Then, the monochromatic, low frequency
chopped light is focused on the solar cell by passing through a lens system. The
solar cell will then produce a weak alternate current signal with a small amplitude.
This signal is converted to Voltage bypassing the current through a resistor and
measuring the Voltage drop. The signal then is retrieved by an amplifier. The
device is operating at one sun to simulate realistic operation and to keep the QFLS
at the real value to monitor recombination effects. In addition, a solar cell is a
very light-sensitive device and is hard to block ambient light. The amplifier can
filter the response of the solar cell from ambient noise. A computer controls the
monochromator, the chopper wheel, and the amplifier. To have a precise knowledge
of the photon flux, a reference Si diode is placed to calibrate the system before
measuring the device of interest.

The amplifier can filter out the response of the solar cell to the chopped light.
This is achieved by comparing the signal’s frequency with the frequency of the
chopper wheel. The frequency of the chopper wheel is such that it blocks frequencies
that produce noise. The amplifier uses the signal from the chopped light as a

reference. The amplifier converts this signal to a wave with a specific frequency
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and phase. The signal from the solar cell has also a frequency and a phase. An
algorithm named Phase-sensitive detection is used to retrieve the measurement
signal from the noisy signal. The result is a DC signal that is proportional to the
measurement signal that we are interested. This is the main scope of the chopper,
to produce a signal with a known frequency.

A typical EQE response spectrum is presented in figure 4.14(b). The ideal
response would be the 100% brown square, however, the realistic response is the
black curve. We observe that at low wavelengths the EQE response becomes zero.
This is due to no photons can be absorbed for energies below the bandgap. The
gap between the black curve and the brown square corresponds to losses, whether
they are optical (reflection for example) or recombination, which is material related.
In perovskites, the material absorbs in the range 400-800nm as we have seen. If
the EQE is measured between a start wavelength A; and an end wavelength s,

then the area under the EQE curve gives the Jgo:

A2
JSC = q/)\ EQE()\) . (I)AMLE)G()\) d)\ (4.46)

;where ® 431 5¢ is the photon flux in s7! em™2 for the AM1.5G spectrum.The
calculated Js¢ from EQE and from the solar simulator should not differ more than

3-5% for a valid measurement.

The red response is

reduced due to rear

surface recombination,

reduced absorption at

long wavelengths and

/ low diffusion lengths

1 |deal quantum

efficiency

Blue response is reduced
due to front surface recombination.

-
o

A reduction of the overall QE is
caused by reflection and a low
diffusion length. No light is absorbed
below the band gap
so the QE is zero at
long wavelengths

External Quantum Efficiency

—— BN | N pvavelengh
- g

(a) EQE Experimental setup (b) An example of an EQE spectrum

FIGURE 4.14: a)EQE Experimental setup b)An example of an EQE spectrum
183, 184]
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4.8 Dark IV Characteristics

The Space Charge Limited Current (SCLC) method is a very commonly used
and simple technique if having the proper equipment. It is a steady-state method
to estimate the electron or hole mobility in a variety of device architectures by
applying a bias in non-illumination conditions. From the theory regarding the
circuit model analyzed previously, we know that the dark IV curve is separated in
various regions, as shown in figure 4.15(a) . At low biases, the current is dominated

by shunt currents. The dark current can be described by the expression

V—IR5> (V—[RS> V — IRg
J = Jy ex — | + Jypex - 4+ — 4.47
01 eXP <2</<:BT/q> 02 P\ T ) Ron (4.47)

The first term is related to recombination in the depletion region with Iy; being
associated with the minority carrier lifetime which corresponds to ideality factor
n=2, the second term is current related to diffusion and recombination in the
neutral region, which corresponds to an ideality factor n=1. Finally, the third
term is the shunt current. At low bias, the shunt current (third term) dominates.
Increasing the bias leads to an exponential current described by the first 2 terms
and at high bias, the current saturates and is governed by series resistance. Hence,
from a dark IV curve, we can calculate both the series and shunt resistance and

the ideality factor from the slope as

_q (9]
n=n (av) (4.48)

However, the main problem with this analysis is that at low bias or reverse bias,
the shunt current does not exhibit a linear behavior with voltage and a SCLC
mechanism has been proposed to explain the shunt behavior.

The formation of space charge is determined by the Debye Screening length,
the length in which mobile carriers surrounding another charge with opposite
polarity can remain bound without the thermal energy disordering the position of
charges. Another factor is the dielectric relaxation time that determines the time
it takes for a material to compensate for space charges created across the material.
SCLC measurements are relied upon forming a Metal-Semiconductor contact that
can be either Shottky (metal work function larger than the semiconductor’s) or
Ohmic (semiconductor work function is larger than the metal’s). In both cases,
electrons are injected from the material that possesses the lower work function, or

the Fermi level at the highest position. In the case of Shottky contact, the barrier
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is reduced when applying a forward bias, favoring the carrier injection. For hole
transportation, it is favorable to choose a deep work function metal like Gold. On
the opposite, a small work function metal like Al is preferred to help extraction or
injection of electrons. To be able to measure the mobility of one charge carrier,
charge blocking contacts are introduced to fabricate single-carrier devices. For
example, for the case of the perovskite, the layer is sandwiched by 2 HTL materials
to measure hole transport/injection and efficiently block electrons. If the mobility
of a selective contact is to be measured, then the material is sandwiched between 2
ohmic contacts. The SCLC model is valid by the following assumptions: 1) The
intrinsic carrier concentration is negligible when current is flowing, 2) Both contacts
for injection/extraction are ohmic and 3) The material is defect-free and current is
dominated by drift [185]. The Mott Gurney law has the following expression:

9 V2
JSC’LC’ = guﬁﬁ (449)

, where p is the drift mobility, V is the applied voltage,e is the dielectric of the
material, and d is the thickness of the film. The derivation of this formula can
be found in Appendix A. The form of the dark JV curve can be modified if traps
are considered. In this case, a trap filling model is introduced, where the traps
are filled depending on the voltage. This modification is due to the change in the
electric field distribution due to the presence of traps.The current will rise abruptly
at some point with voltage and will reach a point where the traps are filled. When
the traps are filled, the IV characteristics are governed by the Mott-Gurney law
[186, 187]. A typical Dark JV curve is shown in figure 4.15(b). The curve is
divided into three regions: 1) The first region where current increases linearly with
applied voltage, this is often called ”Ohmic” region but is not ohmic in reality. 2)
The second region where current increases abruptly with voltage, the trap filling
region.3)The SCLC region, where current is not limited by traps. The transition
from the linear to the trap filling region occurs at a voltage that is called Trap
filling Voltage Vrprr, which gives the defect density Ny [188, 189]

QEEOVTFL

where Vrpp is the trap filling voltage, N, is the defect density,e is the vacuum

permittivity,e is the material permittivity,d is the thickness of the material and e
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is the elementary charge [190].In general, the current scales with voltage as
Joc V™ (4.51)

where m is an exponent that is calculated from the slope of the dark JV by plotting

both current and voltage in a log-log plot:

_— dlogJ
~ dlogV

(4.52)

Hence, at m=1 we are at the linear region, at a value m > 3 we are at the trap
filling region and at m=2 we are in the SCLC regime. Let’s assume a;,b; are the
slope and the intercept of the linear region and as,b, are the slope and intercept of

the trap filling region. If the current scales with voltage as
J=V* 10 (4.53)

then, the trap filling voltage is given by:

ba—by

Vrpp = 100-2 (4.54)

For measuring the mobility of a HTL, a device configuration Contact/HTL/Contact
is convinient. For measuring the defect density or the mobility of the perovskite
film, a device architecture Contact/Charge Selective Contact/Perovskite/Charge
Selective Contact/Contact is needed, to block one type of charge carrier. For
hole-only devices, a Contact/HTL/Perovskite/HTL/Contact should be employed.
The measurement is then performed by connecting those two device geometries
with 2 probes or in a board and scanning at a voltage range, for instance from -0.2
to 2 volt or even more.For perovskites, typical mobilities are in the range of tenths
up to hundrends of em?V ~!s~1. The trap densities are on the order of 10> — 10'¢

em ™3 for films and 10! for single crystals.
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(a) (b)

FIGURE 4.15: a)Dark JV curve analysis using the equivalent solar cell cir-
cuit,b)Dark JV analysis using the SCLC model for M APbI3 single crystal
[191, 192]

4.9 Transient Photovoltage-Photocurrent

The dynamics of charge generation and transfer are located in a timescale as
shown in figure 4.16. Charge generation and transfer are on the order of fs to
ns, carrier transport falls between ns and pus. Charge carrier recombination is
mainly in the pus range and ion transport is the slowest process, on the order of
s. A variety of techniques is used to study each process. Transient Absorption
Spectroscopy (TAS) is used to study charge generation and transfer dynamics.Here,
we will employ the transient optoelectronic techniques of Transient Photovoltage
(TPV) and Transient Photocurrent (TPC) to study the charge recombination and
extraction processes and investigate the interface dynamics of the interface that

we are interested (e.g the HTL/Perovskite interface).
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FIGURE 4.16: Timescale of charge carrier dynamics in PSCs [193]

4.9.1 Transient Photovoltage

TPV is an optoelectronic method to study charge carrier recombination.It has been
employed in DSSCs, in OPV’s and in PSCs.The device is held in an open circuit
under a certain voltage under continuous illumination. The open circuit is achieved
by connecting the device with a large resistor, typically 1M¢2. This results in no
current flow in the device.The setup is shown in figure 4.17(a) [194]. The device is
connected to an oscilloscope to record Voltage changes over time. When the V¢
of the device is stabilized, an extra laser pulse excites the device, which creates a
small perturbation of the fermi level and hence of the V. The voltage variation
is proportional to the amount of extra-photogenerated carriers.

d?_tV x d?;_gt) = —0R = _T—(]Zn (4.55)
where n(t) = ng + dn is the charge density,n is the steady state photogenerated
carrier density and dn is the density of the extra photogenerated carriers produced
by the laser pulse, and 75 is the pseudo first order bulk recombination lifetime.

The voltage then decays as

—t

AV (t) = AV, - exp (—) (4.56)
B

As the device is in open circuit, the extra photogenerated charge carriers will

eventually recombine, leading to an exponential decay of the voltage over time. In

TPV, these decays can be measured for increasing pulse intensity.As the intensity

increases, the V¢ increases and this leads to faster decays. TPV measurements
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lead to mono-exponential decays.Because the Vo depends on the steady state
photogenerated carrier density,the recombination lifetime has also a depence on
the Vo as

—qVoc
TB = Tp - €XP ('UqK—T> (4.57)
,where 7y is a voltage independent pre-factor,and v is the slope parameter that
depends on the order of steady state recombination dynamics. A typical TPV
decay is presented in figure 4.17(b). By measuring the decays for various light
intensities, a graph of the lifetime in log scale versus the voltage can be obtained.As
the voltage increases, the lifetime drops linearly (figure 4.17(c) [194]).This graph
can provide information about recombination dynamics. In instance, a steeper
slope can lead to the unwanted situation of faster recombination dynamics. It is
also interesting that for low voltages, the curve changes in shape and has a linear
dependence with a different slope. The reason for this change is capacitive effects,
which affect the interpretation of the measurements. It has been proposed that the

total recombination time is the sum of the real recombination lifetime from the

decay, plus a contribution from capacitance [195]:

(4.58)

Tiot = TB T

nkTC ox —qVOC
oo P\ KT

, where Jy is the dark saturation current, n is the ideality factor and C is the
capacitance of the active layer. Therefore, a more accurate value of the bulk lifetime
can be obtained at high intensities, because carrier distributions in the active layer
are homogeneous compared at low Voltages. This argument has been used to
explain recombination orders higher than 2, including the presence of trap-assisted

recombination.
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FIGURE 4.17: a)TPV experimental setup,b) TPV lifetime as a function of Voltage
and ¢)TPV decays for various light intensities [194, 196]

4.9.2 Transient Photocurrent

The TPV method yields the lifetime by monitoring voltage as a function of time.

However, the recombination dynamics depend on the charge carriers as well, hence
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the lifetime has a dependence on charge carrier concentration. The TPC technique
gives the charge carrier lifetime, this is why typically TPV and TPC are both
employed to provide a uniform picture of the recombination dynamics. TPC
also provides information for the charge extraction capabilities of the device.The
experimental setup of TPC is shown in figure 4.18(a). It is almost the same setup
with TPV, with the difference now being that the device must be kept under short
circuit conditions, therefore the device is connected to a small resistor, typically 50
Q). The device is constantly illuminated with a light source, usually a laser, and
then a laser pulse excites the device. The oscilloscope monitors again the voltage
decay, which can be easily converted to current by using Ohm’s law. The only
limitation in this method is that carrier losses at a short circuit must be negligible,
hence charge collection and charge recombination should not be comparable. In
TPC measurements, as the light intensity increases, the current increases, and the
extracted charge also increases linearly. Again, the decay of the current to time is a
mono-exponential process. By integrating the area under the Current-Time graph,
we can obtain the amount of photo-generated charges induced by the pulse that
was generated and extracted. We can convert charge to charge density through the

formula .
_ QWi
e-d e-d

,where @) = f(f J(t)dt is the extracted charge, d is the active layer thickness and e

n (4.59)

is the elementary charge.The TPC method can provide information about charge
densities and charge accumulation in the large perturbation regime, meaning we
use a large duty cycle. Increasing the duty cycle increases the period where the
laser pulse illuminates and creates the photo-generated carriers (duty cycle of
0.1-0.9). At small perturbation, we can get an estimation of the diffusion coefficient
(duty cycle < 0.1).By plotting the extracted charge as a function of current (figure
4.18(b)), we can obtain information for charge extraction. A higher amount of
extracted charges corresponds to improved charge transport and collection. This
is useful when comparing different charge selective contacts. The whole puzzle
about charge carrier dynamics is obtained by plotting the carrier lifetime from
TPV as a function of the charge density from TPC at the same voltage, as shown
in figure 4.18(c). We should also keep in mind that as in the case of TPV, there

is also a capacitive contribution at low intensities/Voltages(Current densities).
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Furthermore,the extracted charge density under open-circuit varies with Voc as

CIVOC)

4,
mkT (4.60)

n:no-exp(

, where ng is a prefactor and m is the recombination order.

(b) ()

FIGURE 4.18: a)TPC experimental setup,b) TPC Extracted charge as a function
of Current Density,c) Carrier lifetime from TPV as a function of carrier density
from TPC. [194, 197, 198]

4.10 Spin coating

Spin coating is an experimental technique for the formation of thin films with
thicknesses ranging from few nm to few pym that is spread uniformly throughout
the sample. The film is formed by casting an ink or a solution in a substrate
before starting the spinning (static spin coating) or while the substrate is spinning
(dynamic spin coating). The high rotational speed ensures a large enough centripetal
force, which in combination with the surface tension of the solution ensures an

even covering of the substrate (figure 4.19(a)). Initially, the solution is cast on the
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substrate by using a pipette. The spin coater might have an acceleration time,
where it reaches the maximum desired rpm. At this stage, most of the solution is
expelled from the substrate. The fluid will become level when the drag is canceled
out by rotational accelerations. Now the fluid begins to turning thin because it is
dominated by viscous forces. At this stage, the color of the film might change due
to interference effects. When the color change stops, the film is dry. The formation
of the thin film depends on the evaporation rate of the solvent used. Parameters
such as solvent volatility, vapor pressure, and ambient conditions such as relative
humidity. The thickness d of the obtained film depends on the rpm chosen and

depends inversely on the square root of the rotational speed as

d % (4.61)
For most solvents, a 30 seconds spin coating is enough to evaporate the solvent.
The thickness of the thin film also depends on the concentration used and the
spinning time. As large concentrations are used, the obtained film thickness will be
larger as well. The coverage of the substrate depends on the wetting properties of
the solution and the ink. A material with a high surface tension wants to ”ball-up”,
to not spread, compared to materials with low surface tension. Other problems that
might arise in the resulted thin film are the formation of cracks, pinholes, comet
streaks or aggregates, (figure 4.19(b)) that prevent the formation of a uniform film.
It is crucial to have as clean substrates as possible. Cleaning protocols along with
a UV-Ozone treatment can keep the substrates free of dust, streaks, and organic
contaminants. Other possible origins of these problems include insufficient spinning
speed (too high or too low), the solution not spread on the middle of the substrate,
too high acceleration, liquid waits too long before starting of the spinning, or
insufficient dispensed volume or volume that contains bubbles. The spin coating
offers the advantage of producing thin films with low cost and oftentimes without
further processing like thermal annealing. It can process batches of substrates
individually, with high solvent drying rates. The main limitation of spin coating is
the size of the substrate used, meaning that it cannot be employed for industrial
applications but mostly in academic/research environments. Furthermore, spin
coating is often applied in complex environments such as gloveboxes, where the

conditions must be carefully controlled to ensure reproducible results.
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(a) (b)

FIGURE 4.19: a) Spin coating and thin film formation,b)Common issues with
spin coated thin films [199, 200]

4.11 Thermal Evaporation

Thermal evaporation is a thin film deposition method. In this method, the
thickness of the film can be controlled with high precision. The setup of a thermal
evaporator is shown in figure 4.20. The evaporator is connected with a high vacuum
pump (typically, a turbine pump). The high vacuum ensures that the evaporated
molecules of the substance of interest have a long mean free path and will deposit
on the desired substrate without interacting with any other type of vapors as
the atmosphere is pumped. The element/substance that will be evaporated is
placed in a resistive boat. The boat is connected with a filament that is heated
in high temperatures after the application of high potential. The boat is in turn
heated and the desired material evaporates, gets deposited on the substrate, and
eventually condenses. The desired film thickness is achieved by monitoring the
process with a coupled electronic monitor. The monitor is connected with a crystal
quartz sensor placed in the proper position inside the chamber. The sensor has a
finite lifetime and must be replaced in sufficient periods. The damage to the sensor
can be realized through the thickness monitor system. The substrate-boat and
sensor distance are also important to optimize and control the deposition. The
tooling factor and z factor are also considered to obtain a precise thickness value.
Z-factor is used to match the acoustic properties of the material being deposited

to the acoustic properties of the base quartz material of the sensor crystal. The Z
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factor can be obtained empirically. The tooling factor is the ratio between the film
thickness, measured by the profilometer on the substrate to the thickness measured
by the crystal monitor. If you used an initial value for the tooling factor then you

need to multiply that ratio by the initial tooling factor.

FIGURE 4.20: Setup of a Thermal Evaporator system [201]



Chapter 5

Experimental Methods and
Results

5.1 Motivation

Among parameters that have been analyzed previously, the main advantages of
inverted PSCs are are the easy, low-temperature fabrication [202] that is preferable
for fabricating large-area modules, negligible hysteresis [203] and their applications
in tandem devices [130]. Among the many device parameters [39],PCE improve-
ment largely relies on the optimization of the hole transport layer HTL-perovskite
interface. This is achieved through energy level alignment and efficient charge
extraction and transport [204], where a preferable band alignment is associated
with higher open-circuit voltage [205]. Moreover, the perovskite film growth and
crystallinity largely depend on the bottom layers [110].The most common HTLs
in Inverted PSCs include (PEDOT:PSS),PTAA, Nickel Oxide and copper-based
inorganic materials [206]. PEDOT:PSS is a widely used HTL in inverted devices
[114],because it possesses many benefits such as low-cost production, mechanical
flexibility for large substrates and transparency in visible wavelengths [207]. Never-
theless, PEDOT-based devices suffer from open-circuit voltagesVoc<1V due to its
low work function (WF) and energy level mismatch [66].In addition, the insulating
PSS~ ionomer stands as a limiting factor for film conductivity [208], while its
acidic and hygroscopic nature induces rapid attenuation in device stability [209].
Despite its wide use, pristine PEDOT:PSS is not a very efficient HTL, therefore
various methods are being applied in order to enhance its PCE, such as incorpora-
tion of inorganic salts [210-212] ,pH [213] & and solvent treatment [214],that lead

to remarkable efficiency enhancements.On the other hand, inverted devices with

97
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PTAA as HTL are obtaining efficiencies of more than 20%, which is comparable to
normal devices with Spiro-MeOTAD as HTL [78].The major drawback of using
PTAA is the high cost and inadequacy for use in large-area devices. Recently,
Al-Ashouri et al. have introduced two novels, low-cost, self-assembled monolayers
as hole selective contacts to achieve high PCEs with the ability to use in large-area
devices and replace PTAA [215]. Many efforts are focused on the synthesis of
novel materials, to replace PEDOT:PSS. Cao et al. have synthesized an organic
conjugated molecule that improved the PCE of PEDOT: PSS devices by 1% [216].
Likewise, Liu et al. synthesized 2 conjugated polyelectrolytes that enhanced the
PCE up to 17.71%, compared to PEDOT:PSS [44]. Improving the operational
stability of PSCs is a major step in establishing their commercial use. To surpass
the international standards for operational stability [217], all the parameters affect-
ing the PSCs device stability such as moisture, oxygen, heat, light exposure, and
intrinsic instability must be tackled [218]. The chemical interaction between the
hole selective contact and the perovskite film has a direct impact on the stability
of p-i-n devices [147]. The sulfonic acid groups in PEDOT:PSS are corroding
the ITO electrode, which has detrimental consequences on the device stability
219, 220] , while the hydrophilic nature of PEDOT:PSS can cause humidity accu-
mulation in the perovskite film, resulting in rapid device degradation. Ma et. al
have incorporated hydrophobic Nafion into PEDOT:PSS, leading to improved film
conductivity,Voc and stability [221]. Singh Mann et. al also enhanced the PCE to
16% and stability of p-i-n devices by spin coating a Sulfonic acid-functionalized
Graphene Oxide (SrGO) buffer layer between PEDOT:PSS and the perovskite film
[222] . In this thesis, we present a novel, hydrophobic, low synthetic complexity
and low temperature-solution processable D-A conjugated polymer consisting of an
indacenodithiophene derivative as the electron-donating and a thiadiazolequinoxa-
line derivative as the electron-withdrawing unit PIDTTDQ which is employed in
inverted device architecture, replacing PEDOT:PSS as the HTL. We demonstrate
that PIDTTDQ, when spin coated on I'TO substrates, it provides a transparent

film at visible wavelengths, and shows hydrophobic behavior.

5.2 Materials and Solvents used

Lead ITodide (Pbly) (99.99%) was purchased from TCI. Lead Bromide (PbBry)
(984+%), Cesium lodide (CsI) (99.999%) and Rubidium Iodide (RbI) (99.8%)

were purchased from Alfa Aesar. Formamidinium lodide (FAI) was purchased from
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GreatCell. Methylammonium Bromide (MABr) was purchased from Dyesol. PTAA
was purchased from Solaris.PCsBM (99.9%) was purchased from Solenne. 2,9-
Dimethyl-4,7-diphenyl-1,10-phenanthroline-Bathocuproine (BCP),Toluene (99.8%,
Anhydrous),DMF ( 99.8%, Anhydrous), DMSO (>99.9%, Anhydrous),Chlorobenzene
(99.8%,Anhydrous) and Tetrabutylammonium Hexafluorophosphate (NBuyNPFy)
were purchased from Sigma Aldrich. 2-Propanol (IPA) (99.5%, extra dry) and Ace-
tonitrile (99.9+%, Extra Dry) were purchased from Acros Organics. PEDOT:PSS

(aqueous dispersion) was purchased from Clevios.

5.3 Synthesis of PIDTTDQ

All reactions are air and light-sensitive and, therefore, were performed under argon
and in the dark. All glassware was washed using detergent (Teepol), rinsed with
excess water, acetone, and methylene dichloride, and dried in an oven at 120
°. All solvents and reagents were purchased from Sigma Aldrich. Toluene was
distilled using calcium hydride (CaHs) and benzophenone before polymerization.
The thiadiazoloquinoxaline derivative was purchased from Sunatech Inc. The
syntheses of the indacenodithiophene were performed according to the already
published procedure.[223] The experimental condition for the polymerization is
analytically described below: Distannyl substituted indacenodithiophene (0.5
mmol) and dibromo thiadiazoloquinoxaline derivative (0.5 mmol) were dissolved in
dry toluene (0.025 M). Then, tris(dibenzylideneacetone)dipalladium(0) (Pdsdbas)
(0.02 equiv) and tri(o-tolyl)phosphine (P(o — tol)3) (0.04 equiv) were added and
the reaction mixture was stirred at 120°C under argon atmosphere for 48 h.The
polymer was purified by precipitation in methanol, filtered, and washed using a
Soxhlet apparatus with methanol, acetone, hexane, and chloroform. The chloroform
fraction was evaporated under reduced pressure and the polymer was precipitated
in methanol, filtered through a 0.45 mm PTFE filter, and finally dried under a
high vacuum, rendering a dark greenish solid. The yield of PIDTTDQ was 86%.
The chemical structure of the synthesized PIDTTDQ is shown in figure 5.1.
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F1GURE 5.1: Chemical structure of the PIDTTDQ molecule.

5.4 Device Fabrication

All device fabrication was performed under a N, filled Glovebox by MBRAUN.
The only exception was the deposition of PEDOT:PSS films that was conducted
in an ambient air spin coater. The glovebox is constantly filled with high purity
N, gas (purity 99.99999 %).The atmosphere is kept with a low Oy and H,O,with
contents lower than 100 and 0.1 Parts Per Million (ppm).

5.4.1 Swubstrate preparation and Anode

As seen in section 4.10, the substrates should be as clean as possible to produce
uniform films and avoid short circuits in the final device. In this thesis, the
glass/ITO anode 8-pixel (can measure up to 8 cells) substrates from Ossila have
been used. The substrates were cleaned by Ultrasonication in a HellmaneX sonicator.
The substrates were placed in a substrate rack provided by Osilla in a 1000ml beaker.
Then substrates were cleaned by sequential ultrasonication in soap, deionized water,
Acetone, and IPA, each step for 10 minutes. Then, the substrates were dried in an
oven for 30 minutes, following a UV-Ozone treatment for 15 minutes to remove

contaminants and improve surface wetting.

5.4.2 Hole Transport Layer

The PEDOT:PSS aqueous dispersion from Clevios was filtered with a 0.45 um

filter before deposition. ~ 70 ul were dispensed on the substrates, following a spin
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coating at 7000rpm for 45s. The samples were then annealed in a hotplate at 120 °
for 20 minutes. The as-prepared films were immediately transferred to the glovebox
for further processing. The obtained thickness of PEDOT:PSS is &~ 50nm.

Regarding PIDTTDQ), a stock solution with a concentration of 0.5 mg ml~! in
Chlorobenzene was prepared.We noticed that higher concentrations are too high and
produce films with reduced transparency. This stock solution was used to prepare
films tested for the thickness optimization of the PIDTTDQ thin-film devices. For
PIDTTDQ thin film deposition,60u] were statically dispensed, following a spin
coating at 4000 rpm for 45s, without any further annealing. We observed that
thermal annealing does not improve the PCE as we will see.

For devices using PTAA for stability test, a 2 mg m/~! solution in Toluene
was prepared. 60 ul of the solution were statically spin coated at 6000rpm for 30s,
following annealing at 100° for 10 minutes. The obtained thickness of PTAA was

~ 5-10nm.

5.4.3 Perovskite Deposition

For the perovskite solution a 4-cation perovskite was employed, involving the
Cs,Rb,FA and MA cations.For the preparation of the solution,a 1.5M solution was
prepared by mixing in stoichiometric ratios Pbly,PbBry FAT, MABr,CsI and RbI.The
solution preparation was similar to the recipe described by Saliba et. al [84]. Accord-
ing to this protocol, stoichiometric amounts of Pbly,PbBry, FAI, MABr precursors
are weighted in a vial, following the addition of a proper amount of DMF:DMSO
4:1 to obtain an 1.5M concentration of the MAFA solution.More specifically,1.24M
Pbly (9% excess),1.14M FAIL, 0.2M PbBry and 0.2M MABr were weighted.In addi-
tion, 1.5M of CsI and Rbl stock solutions were prepared by weighting the proper
amounts and adding DMF and DMF:DMSO 4:1 respectively.The solutions are
then heated at 150° to assist dissolving.The solutions are heated prior to each
use.After the dissolution of the MAFA perovskite,5vol% Csl and 4 vol% RbI are
added to the MAFA perovskite, yielding the RbCsMAFA perovskite. The solution is
then left stirring continuously in a vortex in the glovebox.The obtained perovskite
has the stoichiometric formula Rbg04C'so.05(F Ao.s5M Ao.15)0.01 Pb(1o.85 Bro.15)3.For
perovskite deposition, 45ul of the solution were spin coated at 6000rpm for 45s.
200ul Chlorobenzene anti-solvent were dropped 20s before the end of the spinning
process. The samples were then annealed at 100°C for 45minutes.The obtained
thickness is ~ 450-500nm.
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5.4.4 Electron Transport Layer

For the ETL,a 20 mg ml~ PCg,BM solution in Chlorobenzene was prepared.The
solution is left stirring magnetically at mild heating (70 °C) continuously. For
film deposition,45 pul of the solution was spin coated statically at 2000rpm for 60s,
leading to a thickness of ~ 30-40nm. The samples are then left in a petri dish to

dry for 30 minutes

5.4.5 BCP Interlayer

For the deposition of the BCP interlayer,a stock solution with a concentration of
0.5 mg mi~! in IPA was prepared. For film deposition, 45 yul of the solution were
dynamically spin coated at 4000rpm for 45s. The samples are then etched with a

scalpel to expose the ITO and complete the circuit.

5.4.6 Cathode Deposition

Ag was used as a cathode.The deposition was performed in an MBRAUN system.
The turbine vacuum pumps the chamber until it reaches a pressure of 4-107% mbar. A
silver pellet (from Kurt J.Lesker) was added to the boat before the evacuation of

the chamber.Then,100nm were deposited in an evaporation rate of 1.2-1.4 A s~

5.5 Characterization of PIDTTDQ

Instrumentation: Gel permeation Chromatography (GPC):Average molecular
weights per number and polydispersity indices were determined with GPC at 80°C
on a Shimadzu liquid Chromatograph (LC-20AD) system consisting of a DGU-
20A5R degassing unit,a SIL-20AC HT autosampler, a CTO-20AC column oven,a
SPD-20AV UV-Vis detector connected in series.The system contains a PL-GEL
10pm guard column, two PL-GEL 10pum Mixed-B columns, and Chlorobenzene as
the eluent. The instrument was calibrated with narrow polystyrene standards with
M, ranging from 4730 g/mol to 3187000 g/mol.

Nuclear Magnetic Resonance (NMR): 1H-NMR measurements were car-
ried out in solutions (1% w/v) of the copolymers using CDCl3 (Acros 99.6%) as
the solvent and tetramethylsilane (TMS) as the integral standard on a Varian 600
MHz NMR spectrometer at ambient temperature.

UV-Vis absorption of the polymer solutions (concentration 107> M) and the
fabricated films was recorded with a Shimadzu 1900 spectrometer.The UV-Vis
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FIGURE 5.2: UV-Vis spectrum with tauc plot

spectrum of PIDTTDQ is shown in figure 5.2. PIDTTDQ shows two absorption
peaks, one in the visible and one in the IR range. A tauc plot is also shown by the
same graph, for a film thickness of ~ 50nm. The PIDTTDQ conjugated polymer
is a direct semiconductor, and the calculated bandgap is estimated at 2.46 eV.

. The NMR spectrum is shown in figure X. From the graph, the following
peaks are observed: In addition to Absorbance measurements, Transmittance
measurements were also carried out in PIDTTDQ and PEDOT:PSS thin films.
The thickness of both films was fixed at ~ 50nm. The measurements were per-
formed in glass/ITO substrates.A thickness of 50nm corresponds to a PIDTTDQ
concentration of 4 mg m/~!.The transmittance spectra of both materials are shown
in figure 5.3. It is evident from the graph that PIDTTDQ is more transparent
in visible wavelengths. This is an important result, as it has the potential to
reduce optical losses in the device.In Inverted PSCs, light enters from the HTL
side,therefore the HTL should be as transparent as possible.
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FIGURE 5.3: UV-Vis spectrum with tauc plot

CV curves were obtained with a Potentiostat from Ossila in a three-electrode
system. Non-aqueous Ag/Agt was used as the reference electrode. A platinum wire
was used for the counter electrode. The working electrode used was a platinum disk.
Ferrocene/ferrocenium (Fc/Fc™) was used as reference. The electrolyte solution
was composed of sufficient amounts of acetonitrile and 0.1M of NBuyNPFg. The CV
curves were obtained by scanning at a scan rate of 100 mV s~. A small amount of
PIDTTDQ was evaporated on the working electrode in order to be measured.The
CV curve of PIDTTDQ is presented in figure 5.4. There is an oxidation peak on
the right side of the graph. As seen previously, in order to calculate the onset
oxidation potential Fpx, equation 4.11 is used. The equations of the 2 straight

lines, the one on the left and the second at the oxidation peak are the following:
Iy = (7.76633 - V —2.94996) - 107, I, = (4.44235 -V — 3.02711) - 107 (5.1)

by finding the point of intersection between these two lines, we obtain the onset
oxidation potential. This yields a value of EFpx=0.74V .If we plug this result into equa-
tion 4.11,we get a HOMO value of -5.14eV for the case of PIDTTDQ.Furthermore,by

the Uv-Vis absorption measurement, we have found an optical bandgap value of
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E,=2.46 eV.By using the equation

Ervmo = Egomo + By (5.2)

We obtain a Eryao of -2.68eV.The energy levels of the PIDTTDQ are summarized

in Table 5.1.
TABLE 5.1: Values of energy levels of PIDTTDQ obtained from CV and UV-Vis

measurements
Parameter | Value (eV)
Erxomo -5.14
Ervmo -2.68
E, 2.46

FIGURE 5.4: CV Voltammogram of PIDTTDQ with Onset Oxidation Potential
calculation

5.6 Mobility of PIDTTDQ and PEDOT:PSS films

The mobility of PIDTTDQ was calculated by fabricating hole-only devices.The
devices had the structure ITO/PIDTTDQ/PTAA/Au.The thickness of PIDTTDQ
was fixed at ~ 50nm in a 4mg ml/~! concentration to ensure a proper measure-

ment. The thickness of PTAA was also ~ 80-100nm by spin coating a 10mg ml~!
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solution in Toluene at 4000rpm for 30s.100nm thick Au was evaporated as the
back contact.The deeper work function of Au is used to enhance hole injection/ex-
traction. The dark JV characteristics of the hole-only devices were measured in a
commercial apparatus (Cicci Research), by scanning from -0.2 to 2V, with a scan
rate of 300mV s~!.For PEDOT:PSS, hole-only devices were fabricated with the
structure ITO/PEDOT:PSS/PTAA/Au.The thickness of PEDOT:PSS was fixed
at 50nm. The dark JV characteristics for both device geometries are shown in
figure 5.5. The graph is J'/? as a function of Voltage. According to the Mott-
Gurney law,this yields a straight line as it is evident from the graph. By using the
Mott-Gurney law, the slope a of the graph will be equal to:

~ Ype _ 8ad®

_—:
“Tep T P Toe

(5.3)

;where d=50nm is the thickness of either PIDTTDQ or PEDOT:PSS, and ¢ ~
3 is the dielectric constant for a typical organic semiconductor [224].We expect
that higher slope seen in the graph will yield a higher mobility for PIDTTDQ.This
is confirmed, as the obtained mobilities of PIDTTDQ and PEDOT:PSS were
3.03-107* and 1.42 - 107* em?V ~1s™! respectively (values summarized in 5.2).We
conclude that the mobility of PIDTTDQ is higher than that of PEDOT:PSS hence
we expect improved hole transport for the case of PIDTTDQ [225].

FIGURE 5.5: Square root of Current as a function of voltage according to the
Mott-Gurney Law.
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TABLE 5.2: Table with mobility values of PEDOT:PSS and PIDTTDQ

Material | Mobility (cm?V ~1s™1)
PEDOT:PSS 1.42-107*
PIDTTDQ 3.03-1074

5.7 Morphological Properties

The morphological properties of PIDTTDQ and PEDOT:PSS were investigated
by AFM measurements. AFM images were captured using an XE7 microscope
(Park Systems) by operating in tapping mode.The obtained AFM images of 5x5um
resolution of PIDTTDQ and PEDOT:PSS films on Glass/ITO with a thickness
of 50nm are shown in figure 5.6. No obvious differences were observed between
the two films. The Root Mean Square (RMS) roughness of the PIDTTDQ
and PEDOT:PSS films was 2.3 and 1.6nm, respectively.This indicates that both
materials produce uniform films with small height deviations.

The morphological properties of PIDTTDQ and PEDOT:PSS were also investi-
gate by studying the growth of the perovskite above them, as the bottom substrate
plays a vital role and severely affects the growth of the perovskite layer.The AFM
images were captured in a Glass/ITO/HTL/Perovskite geometry. The calculated
RMS roughness on the perovskite coated in PIDTTDQ and PEDOT:PSS was 14.1
and 16.2nm, respectively.This indicates that PIDTTDQ can produce more uniform
perovskite films than PEDOT:PSS, therefore it has the potential to produce films

with a smaller number of defects.
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FIGURE 5.6: a)bxbum image size of PIDTTDQ film on glass/ITO b)5x5um
image size of PEDOT:PSS film on glass/ITO.
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FIGURE 5.7: a)5x5um image size of Perovskite film on PIDTTDQ b)5x5um
image size of Perovskite film on PEDOT:PSS.

5.8 Wetting properties of PIDTTDQ

In this section, we will study the wetting properties of PIDTTDQ.PEDOT:PSS
is a hydrophilic material, therefore we expect good wetting properties. We will
also study the wetting properties of PTAA that will be used for the stability test.
The wetting properties of all materials are investigated through water Contact
Angle measurements. Water Contact angle measurements were performed on an
L2004A1 goniometer from Ossila, by pipetting water droplets on the surface of
Glass/ITO/HTL substrates, where HTL is any of the 3 materials. The Contact
angle measurements of PEDOT:PSS,PIDTTDQ and PTAA are shown in figure
5.8(a),5.8(b) and 5.8(c) respectively. The contact angle of PEDOT:PSS was
26.2°,while the one of PIDTTDQ was 96.0° and 83.7 ° for the case of PTAA.The
concentrations of both PIDTTDQ and PTAA were kept at 2 mg ml/~! in order to
have a common measure of comparison. The highest contact angle of PIDTTDQ
indicates the potential for the material to have a strong humidity tolerance and
prevent the penetration of humidity in the device, resulting in improved operational
stability. This contact angle is even higher than that of PTAA, which is also a
hydrophobic material.
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G830

FIGURE 5.8: a)Contact angle measurement of PEDOT:PSS.b)Contact angle
measurement of PIDTTDQ and c¢)Contact angle measurement of PTAA

5.9 Optimization of PIDTTDQ

After completing characterizations regarding the PIDTTD(Q material, we studied
the growth of the perovskite layer on PIDTTDQ by fabricating complete devices.
We noticed from absorbance/transmittance measurements that high concentrations
led to very thick films with reduced transmittance, which could limit the device
performance due to large optical losses. Transmittance measurements for the con-
centrations of 0.5,1,2 and 4 mg m/~! are shown in figure 5.9.It is evident that the
Transmittance reduces as the concentration increases and so does the film thickness.
We started the optimization of PIDTTDQ from a reference concentration of 4
mg ml~}, as this concentration led to ~ 50nm thick thin films. However, due
to the hydrophobic nature of the material, the perovskite deposition on top of
PIDTTDQ was not possible due to the non-wetting properties and the high surface
tension. Further reducing the concentration to 2 and 1 mg m/~! did not resolve
the issue either. Further reducing the tested concentrations, we have found that a
concentration of 0.75 mg m/~! is the threshold concentration where a black dense
perovskite film with a good surface coverage can be obtained. Another attempt
to address the hydrophobicity issue was to decrease the surface tension of the

film, by treating the surface with DMF. Hence, we spin coated 100ul prior to
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perovskite deposition. This attempt did not solve the problem, producing films
with poor coverage at high concentrations. Another attempt to resolve the wetting
problem was to treat the PIDTTDQ film with UV-Ozone for a short period of
time = 3-bminutes.The treatment allowed the formation of the perovskite film but
degraded the material, resulting in PCEs of 2-3%. The device statistics for UV
and no UV treated PIDTTDQ films are provided in figure 5.10. These devices
correspond to a non-optimized 0.2mg m/~! concentration.

Thermal annealing is another parameter that was studied for the optimization of
the PIDTTDQ devices. Annealing temperatures of 60°,100° and 150° and without
annealing were tested. The tests were performed for a concentration of 0.2 mg
m!~!. The photovoltaic parameters for each case are shown in the box plots in
figure 5.11. We have also observed that annealing temperatures up to 200° can
produce functional devices but with inferior PCEs. We observe from figure 5.11
that the average values of all 4 parameters for 11 devices are higher for the case
of no annealing. This leads to the conclusion that the PIDTTDQ film can be
processed in ambient temperatures, making PIDTTDQ more suitable for large-area

devices and commercial use.

FIGURE 5.9: Transmittance spectra of various concentrations of PIDTTDQ.
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FIGURE 5.10: Comparison of photovoltaic parameters for pristine and UV-
treated PIDTTDQ devices.

FI1GURE 5.11: Comparison of photovoltaic parameters for various temperatures
and non-annealed PIDTTDQ devices.

After realizing that the threshold concentration for perovskite deposition is 0.75

mg m/~!, the PIDTTDQ film thickness was reduced until we reach an optimized
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concentration.We observed inferior PCEs at intermediate concentrations.The best
PCEs were obtained for concentrations of 0.2mg m/~* or less. More specifically,the
concentrations of 0.01,0.05,0.1 and 0.2 mg ml~! were tested.20 devices were fab-
ricated for each case, in order to find the best thickness with a good statistical
sample.The box plots of each photovoltaic parameter are shown in figure 5.12. The
champion and average photovoltaic parameters are shown in table 5.3 and 5.4,
respectively. The devices with PIDTTDQ concentrations of 0.01,0.05,0.1 and 0.2
mg ml/~! showed a champion PCE of 13.77%, 14.70%, 13.97%, and 12.60% , a FF
of 75.32%,77.51%,77.01%,73.25%. a Voc of 1.03,1.06,1.05 and 0.96V,and finally a
Jsc of 17.12,16.97,16.48 and 17.52 mA c¢m ™2 respectively.For the average perfor-
mance, the PIDTTDQ concentrations of 0.01,0.05,0.1 and 0.2 mg m/~! showed a
PCE of 10.81%,13.07%,12.15% and 11.22 %, a FF of 68.12%,74.96%,71.59% and
68.93%, a Jgc of 15.01,15.88,16.86 and 16.68 mA c¢m~2 and a Ve of 1.01,1.04,0.97
and 0.95V, respectively. We conclude that the optimul thickness of PIDTTDQ
corresponds to a concentration of 0.05 mg m/~!.The thickness of the resulting
PIDTTDQ film is 5nm or less, as it is on the detection limit of the AFM as we
measured it. Thickness optimization also involves the optimization of the trade-off
between transparency and conductivity. While the higher PIDTTDQ concentrations
yield higher Js¢ values, they produce lower FF as a result of the reduced trans-
parency and limited hole transport.We have seen that charge generation has an
inverse thickness dependence,therefore optimizing the thickness can maximize the
charge generation,transport and extraction processes.We lead to the conclusion
that the optimum conditions for the deposition of the PIDTTDQ film
is using a 0.05 mg mi/~! solution,static spin coating at 4000rpm for 45s
without post-treatment (thermal annealing).This leads to a thickness

of ~ 5nm.From now on,we will refer to these optimized conditions as
PIDTTDQ devices.

TABLE 5.3: Champion photovoltaic parameters for various concentrations for
optimization of PIDTTDQ thickness

Concentration (mg ml~') | PCE % | FF% | Js¢ (mA em™) | Voo (V)

0.01 13.77 | 75.32 17.12 1.03
0.05 14.70 | 77.51 16.97 1.06
0.1 13.97 | 77.01 16.48 1.05

0.2 12.60 | 73.25 17.52 0.96
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TABLE 5.4: Average photovoltaic parameters for various concentrations for
optimization of PIDTTDQ thickness

Concentration (mg m/™') | PCE % | FF% | Js¢ (mA cm™2) | Voc (V)
0.01 10.81 68.12 15.01 1.01
0.05 13.07 | 74.96 15.880 1.04
0.1 12.15 | 71.59 16.86 0.97
0.2 11.22 | 68.93 16.68 0.95

FIGURE 5.12: Box plots of various tested PIDTTDQ concentration for thickness
optimization.

5.10 Device Performance of PIDTTDQ and PE-
DOT:PSS

After completing the optimization of the PIDTTDQ based devices, we compared
its performance with the reference device. The HTL of the reference device is
PEDOT:PSS, with a film thickness of ~50nm. We have seen that the PIDTTDQ
films are transparent for the same thickness. For the devices, a & 5nm thickness of
PIDTTDQ and a 50nm thickness for PEDOT:PSS are employed.We fabricated 20
devices both for PIDTTDQ and for PEDOT:PSS to compare their performance.The
J-V characteristics of completed devices were measured in the N, filled glovebox

using a solar simulator (Oriel) with a 450W Xenon Lamp. The intensity of the lamp
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was calibrated at 100 mW cm ™2 one sun AM1.5G illumination using a Keithley
2700 Data acquisition system equipped with a KG-5 Si diode. J-V curves of devices
were measured with a multiplexor test board system (Ossila) by scanning from
-0.1V to 1.2V, with a scan rate of 10mV s~! and a voltage step of 10 mV. A metal
mask was used to define the active area of the solar cells (0.0256 cm?).

Table 5.6 summarized the champion photovoltaic parameters for both cases.For
PIDTTDQ), the champion device showed a PCE of 14.70%,a FF of 77.51%,a Jsc
of 16.97 mA em~2 and a Ve of 1.06V.The reference device with PEDOT:PSS
showed a maximum PCE of 12.16%,a FF of 75.32%,a Jgc of 16.08 mA em ™2 and
a Voc of 0.95V.1t is evident that PIDTTDQ exceeds the maximum PCE of the
reference device, and shows an 110mV enhancement in the Voc.A possible reason
for the improvement of the Vo in PIDTTDQ devices could be attributed to the
deeper HOMO level of PIDTTD(Q compared to PEDOT:PSS,as shown in the device
energy diagram in figure 5.13.However, the origins of the Vo¢ enhancement will be
further investigated.The champion JV curves obtained for both devices are shown
in figure 5.14.

A statistical analysis of the device performance for 20 PSCs for each case will
confirm the superior performance of PIDTTDQ compared to PEDOT:PSS.The
average and best photovoltaic parameter values of 20 fabricated reference and
PIDTTDQ devices are provided in Table 5.5 and 5.6 respectively,while the pho-
tovoltaic parameters for each device for both materials are shown in Table 5.7
and 5.8.A PCE histogram along with box plots for each photovoltaic parameter
is shown in figure 5.15 and 5.16, respectively.On average, the PIDTTDQ devices
showed a PCE of 13.07%,a FF of 74.96%,a Jsc of 15.88 mA e¢m~2 and a Voc of
1.04V,while the Reference device with PEDOT:PSS showed on average a PCE
of 11.82%,a FF of 76.56%,a Jsc of 15.82 mA em =2 and a Vo of 0.93V.It is now
clear from all the statistical analysis that the performance of the inverted PSCs is
enhanced by employing the PIDTTDQ as the HTL.
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FIGURE 5.13: a)lnverted PSC architecture b) Energy level diagram for the
inverted PSCs.

FIGURE 5.14: Champion JV curves for PIDTTDQ and PEDOT:PSS
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TABLE 5.5: Average photovoltaic parameters for 20 fabricated devices with
PIDTTDQ and PEDOT:PSS

Device PCE % | FF% | Jsc(mAcem™2) | Voo (V) | Rsg(kQem™)| Rs(Qem™)
PIDTTDQ 13.07 74.96 15.88 1.04 3.08 5.81
PEDOT:PSS| 11.82 76.56 15.82 0.93 3.15 5.28

TABLE 5.6: Champion photovoltaic parameters for 20 fabricated devices with
PIDTTDQ and PEDOT:PSS

Device PCE % | FF% | Jsc(mAcem™2) | Voc(V) | Rsg(kQem™2)| Rs(Qem™)
PIDTTDQ | 14.70 77.51 16.97 1.06 2.03 5.34
PEDOT:PSS| 12.16 75.32 16.08 0.95 0.55 5.64

FiGURE 5.15: PCE histogram with Gaussian distribution for PEDOT:PSS and

PIDTTDQ devices
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TABLE 5.7: Photovoltaic parameters of the 20 Reference devices with PE-

DOT:PSS

Device PCE % | FF% | Jsc(mAem™) | Voc(V) | Rs(Qem™2) | Reg(kQem™2)
1 12.16 75.32 16.08 0.95 5.64 0.55
2 12.14 77.49 15.95 0.93 5.34 1.67
3 12.11 76.40 16.14 0.93 5.24 1.82
4 12.08 77.62 15.73 0.94 5.24 0.52
) 12.08 75.76 15.83 0.96 5.23 0.84
6 12.04 77.83 15.70 0.94 5.21 0.69
7 11.96 77.79 15.54 0.94 5.43 0.83
8 11.93 76.37 15.59 0.95 5.2 3.33
9 11.91 77.33 15.65 0.93 2.73 0.80
10 11.86 75.82 15.69 0.95 5.11 0.70
11 11.85 76.86 15.60 0.94 5.41 0.68
12 11.80 77.29 15.65 0.95 5.41 15.50
13 11.74 78.29 15.32 0.93 5.11 0.81
14 11.63 72.75 16.41 0.93 5.63 0.34
15 11.61 75.79 16.73 0.90 4.74 0.79
16 11.60 75.96 16.44 0.91 4.89 20.43
17 11.57 77.31 15.60 0.91 5.19 6.21
18 11.50 74.91 15.38 0.95 5.51 0.33
19 11.45 77.26 15.34 0.92 5.43 2.95
20 11.45 77.03 15.96 0.91 4.82 3.23
AVERAGE| 11.82 76.56 15.82 0.93 5.28 3.15

FIGURE 5.16: Box plots with photovoltaic parameters of 20 fabricated devices
with PEDOT:PSS and PIDTTDQ
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TABLE 5.8: Photovoltaic parameters of the 20 devices with PIDTTDQ

Device PCE % | FF% | Jsc(mAcm™2) | Voc(V) | Rs(Qem™2) | Rsg(kQem™?2)
1 14.70 77.51 16.97 1.06 5.34 2.03
2 14.04 77.36 16.18 1.07 5.83 3.91
3 13.75 77.48 16.02 1.05 5.79 0.6
4 13.67 76.64 17.58 0.96 3.71 0.79
) 13.64 76.84 15.84 1.06 5.66 6.1
6 13.42 76.46 15.71 1.06 6.22 0.86
7 13.24 74.82 15.91 1.06 5.54 0.78
8 13.18 75.11 17.55 0.95 3.95 1.71
9 13.11 74.71 15.70 1.06 5.60 0.90
10 13.10 75.15 17.00 0.97 3.92 2.1
11 13.07 71.97 16.43 1.05 5.89 0.81
12 13.04 76.26 15.34 1.06 5.97 0.74
13 12.80 74.69 15.44 1.05 6.20 0.71
14 12.74 72.60 15.80 1.06 5.91 0.62
15 12.70 74.41 15.29 1.06 6.56 1.62
16 12.62 74.56 15.13 1.06 6.06 32.71
17 12.21 74.45 14.75 1.06 6.42 0.97
18 12.18 73.84 14.88 1.05 6.91 1.57
19 12.15 73.32 14.82 1.06 6.58 1.66
20 12.11 71.08 15.24 1.06 8.14 0.44
AVERAGE| 13.07 74.96 15.88 1.04 5.81 3.08

5.11 Current density from EQE

All current densities seen previously are from the solar simulator.These values must
be compared to the ones obtained from EQE measurements. EQE measurements
were performed on a commercial system from Enlitech (QE-R2) with a chopping
frequency of 65Hz. The EQE spectra for both PIDTTDQ and PEDOT:PSS complete
champion devices are shown in figure 5.17. It is clear that the current response of
PIDTTDQ devices is more steady at visible wavelengths than PEDOT:PSS,as the
improved transparency reduces the optical losses. The calculated Js¢ for PIDTTDQ
and PEDOT:PSS was 16.34 and 15.93 mAcm 2 respectively .These values are
almost in agreement with the ones obtained from the solar simulator.The current

from the simulator and from EQE are presented in Table 5.9.
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FiGure 5.17: EQE spectral response of PIDTTDQ and PEDOT:PSS devices.

TABLE 5.9: Current Density obtained from the solar simulator and EQE
measurements.

Device Jsc(mAem™2) | Jso(EQE)(mAcm™2)
PIDTTDQ 16.97 16.34
PEDOT:PSS 16.08 15.93

5.12 TPV and TPC measurements

To further investigate the improved V¢ for the case of PIDTTDQ,we performed
TPV and TPC measurements.Transient photovoltage and Transient Photocurrent
measurements were performed with a commercial apparatus (Arkeo, Cicci Research
s.r.l.) based on a high-speed Waveform Generator that drives a high-speed LED
(5000 Kelvin). The device is connected to a trans-impedance amplifier and a
differential voltage amplifier to monitor short circuit current or open-circuit voltage.
The light intensity from the pulse is varied between 0.001-2 sun equivalent. For
Transient Photovoltage, the perturbation produced by the LED is less than 10%
the background applied light bias. Transient photocurrent measurements were

performed under large perturbations (Duty cycle 0.3) for a time duration of 400us.
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Devices are connected to a 502 and 1MSQ resistor for TPC and TPV measurements,
respectively.

The TPV measurements were initially investigated. The TPV transients for
various light intensities for both PIDTTDQ and PEDOT:PSS are shown in figure
5.18 and 5.19,respectively. The recombination dynamics for both materials can be
illustrated by plotting the obtained mono-exponential lifetime 7 as a function of
bias, as shown in figure 5.20. It is clear that for the case of the reference device
with PEDOT:PSS, the line has a steeper slope than PIDTTDQ, meaning that the
carrier lifetime of the reference device is less than PIDTTD(Q. Hence we conclude
that the PIDTTDQ has slower recombination dynamics than the PEDOT:PSS
reference device. Another convenient way to illustrate the difference in the carrier
lifetime is by plotting 2 TPV decays, as shown in figure 5.21. The PIDTTDQ
device has a slower voltage decay than for the case of PEDOT:PSS.The obtained
carrier lifetimes that correspond to this decay are 1.78 us for PIDTTDQ and 0.8
us for PEDOT:PSS as shown in Table 5.10.

TABLE 5.10: Carrier lifetimes obtained from the TPV decays of figure 5.21.

Device Carrier Lifetime (us)
PEDOT:PSS 1.78
PIDTTDQ 0.80

FIGURE 5.18: TPV decays for increasing light intensity up to 2sun for
PIDTTDQ.



Chapter 5. Ezxperimental Methods and Results 121

FIGURE 5.19: TPV decays for increasing light intensity up to 2sun for PE-
DOT:PSS.

FI1GURE 5.20: Lifetime from TPV as a function of Voltage.
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FIGURE 5.21: TPV decays for PIDTTDQ and PEDOT:PSS devices under the
same illumination.

Complementary to TPV ,we performed TPC measurements under large pertur-
bations (Duty Cycle of 0.3), to investigate charge transport and extraction.The
TPC transients for various light intensities are presented in figure 5.22 and 5.23
for PIDTTDQ and PEDOT:PSS respectively. To gain more insights about charge
transport and extraction, we plotted the extracted charge, which can be obtained
by integrating each TPC decay, as a function of the current density. This is shown
in figure 5.24. Notice that as the current density increases, more charges are
generated by the LED pulses, and the amount of extracted charge increases linearly
with current density. We also observe for the case of PIDTTDQ that the amount
of extracted charge is higher than PEDOT:PSS as the current density increases.We
conclude that the PIDTTD(Q HTL provides improved charge extraction compared
to PEDOT:PSS.This was expected as we have seen from TPV measurements that
the carrier lifetimes for the case of PEDOT:PSS were less than PIDTTDQ. It is
possible that charges are lost at the PEDOT:PSS/perovskite interface. A defective
interface can contribute to non-radiative interfacial recombination, along with
non-radiative recombination in the bulk which is attributed to defects or the GBs

of the perovskite film.
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FiGURE 5.22: TPC transients for various light intensities up to 2 sun for
PIDTTDQ devices.

FiGurge 5.23: TPC transients for various light intensities up to 2 sun for
PEDQOT:PSS reference devices.
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FIGURE 5.24: Extracted charge obtained from TPC as a function of Current
density for PIDTTDQ and PEDOT:PSS devices.

5.13 Steady state and Time-Resolved Photolu-

minescence

5.13.1 Steady State PL

To investigate the hole extracting ability of both HTLs,we performed steady-state
and TRPL PL measurements.Steady-state PL. measurements were performed with
a commercial platform (ARKEO - Cicci Research): the substrate is illuminated
with a diode-pumped solid-state (DPSS) Nd:YVO,+KTP Laser (Peak wavelength
532 nm + 1 nm, Optical power 1 mW on a circular spot of 2 mm of diameter: 31
mW ¢m™2) at an inclination of 45°. The fluorescence on the opposite side of the
substrate is focused on a bundle of fibers (10 mm in diameter) with an aspheric
lens close to the substrate in order to maximize the PL. The bundle sends the
signal to a CCD-based spectrometer. Integration time and the number of averaging
is maintained the same in order to better compare the results. Time-Resolved
Photoluminescence TRPL was measured with an FS5 Spectrofluorometer from
Edinburgh Instruments. A 478.4nm laser was used as an excitation source.

The steady-state PL. measurements were performed on the Glass side of the
Glass/ITO substrates to study charge transfer only.Films with the optimized
0.05 mg ml~* PIDTTDQ and PEDOT:PSS films on Glass/Perovskite and for bare
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perovskite film were prepared.The resultant PL spectra for all three cases are shown
in 5.25. We see that all PL emission peaks appear at the same peak of ~ 770nm,
as expected [226]. This peak is due to radiative band-to-band recombination. The
PL intensity for the case of using a HTL is quenched compared to the intensity
of the bare perovskite film, which indicates the hole extracting ability of both
materials. We also observe that the PL intensity of both HTL is almost identical
with a small difference in intensity, indicating the similar how to transfer abilities
of both HTL.A large PL quenching is associated with improved charge transfer at
the HTL-Perovskite interface [227-230].

FIcURE 5.25: PL spectra for bare perovskite film and perovskite on PIDTTDQ
and PEDOT:PSS.

5.13.2 TRPL

To further investigate the charge carrier dynamics at the HTL-Perovskite interface
and in the bulk, TRPL measurements were performed on HTL/Perovskite films
to investigate the charge carrier dynamics in both PIDTTDQ and PEDOT:PSS
on perovskite. For comparison, a bare perovskite film was also prepared. The

resultant lifetimes from fitting a function of the form

R(t) =B+ A -exp(—t/m) + Az - exp (—t/72) (5.4)
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are presented in Table 5.11.The average lifetime is also shown.The average lifetime

is calculated by the formula

A17'12 + A27'22

5.5
A1+ Aom ( )

Tavg =

wherein both equations A; and A, are exponential pre-factors of the decay, 7
time constant is called the ”fast” component of the decay and is associated with
interface recombination or mainly charge transport, and the 7 lifetime is referred
to the ”"slow” component and is associated with non-radiative recombination in
the bulk.The Normalized TRPL decays for the bare perovskite and for PIDTTDQ
and PEDOT:PSS are shown in figure 5.26.The obtained 7 is 10.54 for the bare
perovskite,2.67ns for PEDOT:PSS and 5.02ns for PIDTTDQ.The 71 component
becomes faster for both HTL,which indicates efficient hole transport for both
materials. The fitting also revealed a 7, component of 162ns for the bare perovskite,
46.1ns for PEDOT:PSS and 132.5ns for PIDTTDQ.This is an indication that the
PIDTTDQ suppresses the non-radiative recombination. It is possible that the
suppression of the non-radiative recombination involves the bulk of the perovskite
and not just the HTL-Perovskite interface. The mechanism behind the higher
for the case of PIDTTD(Q might be the reduced number of defects [216].

FIGURE 5.26: Time Resolved Photoluminescene for bare perovskite and per-
ovskite on PIDTTDQ and PEDOT:PSS
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TABLE 5.11: All calculated lifetime components from exponential tail fit of
TRPL measurements.

HTL 71(ns) | 72(ns) | Tavg(ns)
Perovskite 10.54 162 158.1

PIDTTDQ 5.02 | 132.5 128.7
PEDOT:PSS | 2.67 49.2 46.1

5.14 Defect Population from Dark IV Character-
istics

The much slower 7, component from TRPL measurement might be an indi-
cator for a reduced number of defects in the perovskite film for the case of
PIDTTDQ. This assumption must be quantitatively confirmed. This is achieved
by studying the JV characteristics of hole-only devices with the perovskite film
sandwiched between 2 HTLs and 2 contact electrodes. The dark JV charac-
teristics of the hole-only devices were studied by using the same commercial
platform (ARKEO - Cicci Research) as in TPV and TPC measurements. The
hole-only devices are connected to 2 probes on the 2 contact electrodes,and
the dark JV curves are obtained by scanning from -0.1 up to 2V, with a volt-
age step of 10mV and a scan rate of 300 mV s~ !.The device geometries em-
ployed in these measurements are ITO/PEDOT:PSS/Perovskite/PTAA/Au and
ITO/PIDTTDQ/Perovskite/PTAA /Au.Similarly, with hole-only devices for the
HTL mobility measurements, a PTAA solution with a high concentration of 10
mg ml~! was used, which forms a film with a thickness of ~100nm. 100nm of Au
were thermally evaporated as a back contact due to the deeper work function that
helps the extraction and the injection of holes in the perovskite film.For a sufficient
HTL thickness, a higher PIDTTDQ concentration of 0.5 mg ml~! was used.The
obtained dark JV characteristics of both devices are shown in figure 5.27. A first
observation is that the values of the reverse saturation current density J, are larger
by three orders of magnitude. A larger Jy means the existence of shunts that block
the photocurrent. A large Jy leads to reduced Voc.PIDTTDQ devices showed a
110mV improvement on average compared to PEDOT:PSS,which is consistent with
the higher observed J, values.Using the SCLC model for traps, the graph can be
divided into three regions: In the first region the current increases linearly with
voltage (Linear region), in the second region the current increases abruptly with a
slope larger than 3, which is the trap filling region (TFL) and in the third region
the slope is equal to 2 (Child region).In this graph, the third region is not shown.
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The transition from the linear to the Trap filling region occurs at the trap filling
voltage Vrrr, and the perovskite defect density is obtained by equation 4.50:

2ee0VrrL

where Vrpp is the trap filling voltage that we will obtain by the intercept of the
fitting lines in the linear and the trap filling region (equation 4.54 ), Ny is the
perovskite defect density,ep=8.85- 1074 F em ™! is the vacuum permittivity,e=46.9
and d=450nm is the perovskite permittivity and thickness,respectively. The intercept
point that corresponds to Vrpy, for both PIDTTDQ and PEDOT:PSS was calculated
at 0.70V and 0.83V respectively. The calculated defect densities for PIDTTDQ and
PEDOT:PSS are 1.79-10 ¢m =2 and 2.12-10% e¢m~3.These results are summarized
in Table 5.12.The higher defect density calculated for PEDOT:PSS confirms the
obtained results from TRPL

TABLE 5.12: Current Density obtained from the solar simulator and EQE

measurements.
HTL Vrrr (V) | Defect density Np(10'° em=3)
PEDOT:PSS 0.70 1.79
PIDTTDQ 0.83 519

FI1cURE 5.27: Dark JV characteristics of hole-only devices with Perovskite layer.
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5.15 Stability Measurements

Stability is another crucial aspect that we have to examine solar cell devices, which
also determines the commercialization of the technology. For this purpose, we
tested the stability of the fabricated devices in ambient air under a humidity ranging
between 50-65%, without any encapsulation or exposure to ambient light. For each
measurement, the devices were transferred to the glovebox for measurement. The
results are shown in figure 5.28, where the PCE evolution is plotted as a function
of time. It is obvious that the PEDOT:PSS reference devices degrade at a very fast
rate, and last for less than 300h. The reasons for the poor stability of PEDOT:PSS
were discussed in section 5.1 and therefore we expect this rapid degradation. On the
other hand, the PIDTTDQ device maintained more than 75% of their initial PCE
for almost 900h, which demonstrates the hydrophobic nature of the material and
the increased humidity tolerance.The stability of PIDTTDQ is improved even when
compared to PTAA, the most efficient HTL in inverted PSCs.The devices with
PTAA showed a worse degradation rate that was evident from the passage of 500h.
The devices degraded at 60% of their initial PCE. Therefore, we confirmed our
expectations for the increased humidity tolerance of PIDTTDQ from contact angle
measurements. The Conjugated polymer shows an improved ability to prevent
humidity penetration in the device, resulting in an enhanced device lifetime.The
comparison of PIDTTDQ with the also hydrophobic PTAA shows the potential of

the material as a potential HTL rival for inverted PSCs.
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FiGure 5.28: PCE evolution as a function of exposure time in ambient air for
PEDOT:PSS,PIDTTDQ and PTAA devices.

5.16 Synthetic Complexity

We have studied and compared the performance and the stability of PIDTTDQ
to PEDOT:PSS and PTAA. We will study now PIDTTD(Q in terms of cost.The
Synthetic Complexity (SC) of an organic semiconductor is an important parameter
to quantify the potential of such material to be employed in commercial applications
[231], therefore we estimated the SC for PIDTTD(Q based on a literature procedure
[232].The SC was found to be 55 for the case of PIDTTDQ ,which is considered a
relatively low SC,similar to other novel materials that have been employed in PSCs
[233]. Minimizing the SC corresponds to minimizing the cost and the number of

the synthetic procedures, the purification steps, and the safety of the reagents used.

5.17 Concluding Remarks

To summarize, we investigated the performance of a novel Conjugated polymer
PIDTTDQ as the HTL in inverted PSCs. After optimization, the optimal thickness
for PIDTTDQ was obtained at a concentration of 0.05 mg ml~! and the best device
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for PIDTTDQ showed a PCE of 14.70%, compared to the reference device with
PEDOT:PSS which showed an optimal PCE of 12.16%. The device characterization
revealed suppression of interface Recombination for PIDTTDQ and higher charge
losses for PEDOT:PSS respectively and suppression of non-radiative recombination
in the case of PIDTTDQ, which can be attributed to the reduced defect density
and the Voc enhancement. Finally, the hydrophobic nature of PIDTTDQ extended
the device stability for almost 900h by retaining more than 75% of its initial PCE.
The stability of PIDTTDQ was also compared with PTAA, showing a significant
improvement in the device stability and extending the lifetime of inverted PSCs.
The low synthetic complexity of this promising, novel, hydrophobic material along
with further molecular engineering can expand its use in large-area devices.The

advantages of using PIDTTDQ are the following:

e Transparency

e Smooth Morphology and good film formation properties
e Improved energy level matching

e Low temperature processing

e Low Synthetic Complexity

e Humidity tolerance

o Compatibility with large area substrates

e Efficient interfacial engineering and elimination of non-radiative recombina-

tion
while the drawbacks are the following:
e Poor surface wetting for perovskite film formation.
e Thickness limitations

Potential future modifications of the PIDTTDQ material to improve the PCE
could be the following:

e Use as HTL in Planar PSCs
e Ultrathin passivation layer

e Dopants to enhance conductivity
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e Resolve the poor wetting issue
e Further Molecular Engineering

The use as HTL in planar PSCs will involve the use of the Li-TFSI and tBP
dopants, along with more optimization as the wetting issue is now resolved due to
the device geometry. The improved 7, lifetime in TRPL decay would indicate an
underlying defect passivation mechanism, which could make PIDTTDQ a potential
passivant on top of the perovskite film as an ultrathin layer. The advantage here is
that the concentration that yields a low thickness is known. The use of dopants
in the Inverted geometry can also be a potential solution to enhance conductivity
since increasing the thickness has a further limitation due to the poor wetting
properties of PIDTTDQ. Finally, further molecular engineering can provide further
improvement in the device’s performance.This work mainly achieved the cost and
stability step, as it is shown in figure 5.29 in comparison with the ideal sweet spot

of maximum PCE, cost and stability.

FIGURE 5.29: Illustration of how close this work is on the ideal sweet spot of
stability cost and efficiency.



Appendix A

Mott-Gurney Law derivation

Suppose we have a p-type semiconductor with a thickness d, with a hole mobility
iy If an electric field E is applied, a drift current flows into the material. The
electric field is depend on the position x inside the material through the Poisson’s
law: iE
P 4qp
=~ _F_3ir Al
dx € € (A1)

The drift current for the case of space charge is

Jscre
J = E—p= A2
SCLC = qUpp b " E ( )

If we plug the expression for p from equation A.2 to equation A.1,we get

At Jsoreo (A.3)
dx Ellp '
By integrating, we get:
E T
/ E dx :@/ de = (A.4)
0 €Hp Jo
2J
B(z) = ( j/f”) VE (A5)
P
By changing E with
av
E=—— A6
I (A.6)
we get
v B 2Jscrc) [°
- v = Vredr = (A7)
0 €fp 0
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9 V2
Jscre = SHeTs (A.8)
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