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Abstract

A number of sources have been discovered and techniques developed in pursuit of
renewable energy to overcome the energy crisis and reduce carbon foot print. Solar energy
is considered as the most sustainable renewable energy source owing to the large amount
of energy supply from the sun to the earth. Among photovoltaic technologies, dye-
sensitized solar cells and perovskite solar cells are very attractive due to their lower
production cost and easy fabrication. Dye-sensitizer is a key component in dye-sensitized
solar cells and it has a similar role as the chlorophyll in plants. It harvests the sunlight and
transfer the energy via electron transfer to an appropriate material (TiO2 in this case) for
the production of electricity. With the aim to further enhance the conversion of sunlight to
electricity, perovskite solar cells have been developed from dye-sensitized solar cells by
replacing the sensitizer with perovskite materials having comparatively better charge
transport properties. These solar cell devices fabricated with cheap and abundant materials

seems a significant contributor to commercial photovoltaic technology in the near future.

This thesis is broadly organized into two parts. The first part focuses on the
development of new sensitizers using several strategies to further advance the performance
of dye-sensitized solar cells. The second part covers regulation of crystallization and trap
states in perovskite through additive engineering to achieve high efficiency, stability and
reproducibility of perovskite solar cells. Firstly, with the aim to achieve high efficiency in
the dye-sensitized solar cells and understand the structure property relationship, a series of
organic dyes having a carbazole donor, cyanoacrylic acid as an acceptor, and phenylene
ring as a spacer with the difference in the positions and number of fluorine substitution
were synthesized. The study revealed that fluorine substitution leads to a red shift in the
absorption spectra of the dyes and reduces the band gap. As a result, the dye MA1F-o0 with
o-fluoro substitution outperformed other dyes with a power conversion efficiency of 4.02%.
Subsequently, to study and control the aggregation effect of sensitizers, mono- and di-
anchor dyes having carbazole donor were synthesized. The results demonstrated that the
presence of two acceptor groups provide efficient electron extraction from carbazole donor,
reduces dye aggregation, and improves charge transfer. Therefore, an attractive power
conversion efficiency of 5.35% was observed for di-anchor dye with iodide based redox
electrolyte. A comparatively lesser efficiency was achieved in solid state dye sensitized

solar cell.
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Later, with the objective to regulate the crystallization process that could provide
smooth perovskite films with large grains, Lewis acid-base adduct formation approach in
concurrence with hot casting technique was employed. Uniform films of MAPbClxlzx
having large grain size were formed reproducibly on addition of 1.5 equivalents of dimethyl
sulfoxide to the precursor solution. Perovskite solar cells fabricated using this solution
resulted in power conversion efficiency of 14.11% with enhanced stability. Following this
work, oxalic acid was used as additive in perovskite solution to regulate the crystallization,
minimize ion migration and charge recombination in perovskite solar cells. As a result,
17.12% power conversion efficiency was obtained. Finally, benzene carboxylic acid
derivatives (benzoic, isophthalic, and trimesic acids) were utilized to simultaneously
control crystallization kinetics and passivate trap states in perovskite film resulting in

maximum power conversion efficiency of 18.08%.

The efforts made in this thesis highlights the usefulness of molecular engineering of
sensitizers as well as additive engineering of perovskites and provides the basis for
facilitating the commercialization of dye sensitized and perovskite solar cells in the near

future.
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Chapter 1: Introduction | 3

Abstract

Energy is one of the most important resources in this world. It is required for all our
daily needs such as; for lighting, cooking food, and to improve the living standards. In
addition, energy is required to power industrial machinery and transport. Fortunately, a
wide range of energy resources are available in nature. The available natural resources are
divided as primary and secondary energy. The fuels that provide energy without undergoing
any conversion process are termed as primary, for example coal, natural gas and fuel wood.
On the other hand, secondary energy like electricity and petrol is made from the processing
of primary fuels. In the modern society, without a doubt, electricity is the leading source of
energy. The available natural resources are also classified as non-renewable and renewable
energy source. The nonrenewable energy sources such as coal, oil and gas are destroyed
after use. The energy sources discovered relatively lately, such as wind, tidal and solar are
considered as renewable. Therefore, they are sustainable, and are seems to play an
increasingly significant role in the future to overcome energy requirements. The energy
demand across the world including India is increasing continuously. The energy
consumption used by a country indicates its level of development. India being a developing
country, consumes more energy in activities such as manufacturing, transport and provision
of services. Hence, this chapter discusses the need for the development of technologies to
produce renewable and clean energy, especially solar energy followed by a brief
explanation on dye sensitized and perovskite solar cells, and different measurement
techniques of solar cells. Further an account on engineering of photosensitizer dye and

perovskite materials is presented. Finally, the chapter end with a synopsis of this thesis.
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1.1 Introduction

The increasing global need for energy arising from modern lifestyle based on extensive
use of electronic and electrical equipment coupled with the depletion of easily accessible,
hence cheap, fossil fuel reserves, poses a serious threat to the human global economy in the
near future.! Considering, in addition, the harmful ecological impact of conventional
energy sources leading to global warming and climate change, it becomes obvious that
development of clean, efficient, and cost-effective alternative energy sources is a
necessity.2 Among the renewable energy sources available such as hydropower, wind,
solar, biomass and geothermal, solar energy is the only sustainable source to fulfill energy
requirements of growing population. The supply of energy from the sun to the earth is
enormous, i.e., 3 x 10?* joule a year or about ten thousand times more than what mankind
consumes currently. This means that only 0.1% of the earth’s surface covered with solar
cells with an efficiency of 10% would be sufficient to satisfy our current needs. Therefore,
solar power is considered to be one of the best sustainable energies for future generations.®
Current commercially available photovoltaic technologies are based on inorganic materials
(monocrystalline and polycrystalline silicon used in wafer technology, and CdTe and CIGS
for thin film technologies). However, their fabrication requires high costs and large
amounts of energy. Many features of dye sensitized solar cells (DSSCs) and perovskite
solar cells (PSCs) are unique and advantageous over the solar cells based on crystalline or
amorphous silicon. Nearly all the components of these solar cells are "tunable™, including
the semiconducting electron transport layers (ETLs), the active layer (dyes and
perovskites), the electrolytes/hole transporting layers (HTLs) and the counter electrode.
Therefore, the dominance of the photovoltaic field by such kind of inorganic solid-state
junction devices is now being challenged by the emergence of the third-generation solar
cells based on interpenetrating network structures, such as dye-sensitized and perovskite
solar cells. Dye-sensitized and perovskite solar cells have received intense interest due to
their potential advantages like low production cost, easy fabrication, transparency, multi-
color options, flexibility, light weight and short energy payback time. Transparency and
multi-color design alone offer huge potential for the integration of DSSCs/PSCs as part of
the building architecture.>? On the contrary, the bulk heterojunction solar cells have not
been demonstrated with reasonable efficiency suitable for practical device manufacturing.
They suffer largely due to the limited number of n-type organic semiconductors available.
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1.2 Dye Sensitized and Perovskite Solar Cells

The dye sensitized solar cell (DSSC) is a photoelectrochemical device containing a
nanostructured mesoporous large bandgap semiconductor sensitized with a dye. First report
on dye sensitization of the large band gap semiconductor can be found in the late 19"
century. The photographic silver halide emulsion was sensitized by a dye in 1873 by Vogel,
a German scientist, to extend its spectral sensitivity from UV to green.* The first dye
sensitized photoelectrode was observed by Moser in 1887 when erythrosin dye was used
on silver halide electrodes.®> The phenomenon of photo-electrochemistry could be linked to
photography in 1964 when Namba and Hishiki used same dye to demonstrate both the
processes.® The involvement of charge transfer process rather than energy transfer from the
dye to semiconductor could be established during sixties and seventies.”® At that time, very
low photocurrents were obtained as the monolayer of dye was poorly anchored (mostly
physisorbed) on the planar surface and could absorb only small amount of light. The overall
efficiency was enhanced to 1.5% under monochromatic irradiance at 563 nm by Tsubomura
and coworkers by using porous ZnO with an enhanced surface area available for
sensitization. Following this, incremental developments were accomplished in the
chemisorption of dyes,®'! electrolyte redox chemistry and photoelectrode materials.t6
Many of the semiconductors like CdSe, CdS, GaP etc. were prone to photo corrosion,
therefore, with the successful demonstration of photolysis of water with TiO>, it became
the prime choice.”*8 All these improvements finally led to development of dye sensitized
nanocrystalline solar cell in 1991, with a PCE of 7.1-7.9% under solar illumination.'® The
DSSCs have now achieved PCE of 14.3% (certified PCE of 11.9%) by different molecular

engineering of dyes and device modifications.?%-%

Solar cells using perovskite as light absorbing material have recently emerged from
DSSCs.?? The conventional DSSC with liquid electrolyte generally requires 10 pm thick
TiO2 layer to capture almost complete light in the absorbing region of the dye.'® But they
suffer from the leakage and drying of electrolyte. To solve this problem, solid-state DSSCs
(ss-DSSCs) with solid hole transport layer/ electrolyte came into existence. Use of solid-
state electrolyte limited the thickness of the TiO: layer to less than 2 pm because of a
number of factors, such as poor infiltration of hole transport materials into the mesoporous
structure and relatively fast charge recombination.?® A solution to facilitate almost
complete absorption of the incident light in thin films is to utilize sensitizers with high
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molar absorption coefficient. The concept of extremely thin absorbers (ETA) based solar
cells has been found to solve the limitation of thin mesoporous layers of TiO2 up to some
extent. Examples of ETA are CdTe and CdSe.?* The motivation to find more advanced light
absorbers as compared to dyes led Miyasaka and co-workers for the first time to report
perovskite-sensitized solar cells between 2006 and 2008. They employed CH3NH3Pblz and
CHsNH3sPbBrs absorbers with either an iodide triiodide redox couple or a polypyrrole
carbon black composite solid-state hole conductor and measured full sun power conversion
efficiency varying between 0.4 and 2% for solid-state and liquid electrolyte cells,
respectively.?>2?® The first peer-reviewed journal publication of a perovskite-sensitized
solar cell came in 2009, where the CH3NH3sPbls absorber resulted in a 3.5% efficient
sensitized solar cell employing the iodide/triiodide redox couple.?? While investigating the
charge-transport properties of the perovskite-sensitized solar cells, Snaith and co-worker
noticed that the charge extraction rates were significantly faster for the perovskite-
sensitized solar cell in comparison to conventional DSSCs. This could have been due to
either the perovskite having an influence upon the surface states, and hence trap site density
in the TiO, or a significant fraction of the long-range electron transport occurring through
the perovskite phase itself. To confirm this, they constructed solar cells where the
mesoporous TiOz was replaced with insulating mesoporous Al2Os, with a very similar
meso-morphology. They found that not only was the charge transport faster and the
photocurrent unaffected when the TiO> was replaced by the insulating Al>Os3, but for a like-
to-like comparison, the open-circuit voltage increased by 200 to 300 mV, leading very
quickly to a 10.9% efficiency solar cell. This discovery also suggested that perovskite

planar structures can also be used in a positive (p)—intrinsic (i)—negative (n) architecture.?’
1.3 Device Architecture and Working Principle

1.3.1  Dye Sensitized Solar Cells

DSSC is typically composed of five major components (Figure 1.1), namely, (i)
transparent conducting oxide (TCO), (ii) a mesoporous semiconductor metal oxide (such
as TiO2 or ZnO) film, (iii) a sensitizer, (iv) an electrolyte layer (17/13~ couple, Co(I1)/Co(l11)
couple or Fc/Fc* couple), (v) counter electrode (platinum or carbon coated glass substrate).
Five basic processes which occur during the operation of the DSSC are instrumental in

governing the efficiency of the device. They are: (1) absorption of solar light by the dye
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Figure 1.1: Schematic diagram showing different processes involved during the operation of a DSSC(idea of
the illustration taken from reference 28).%

anchored on TiO», (2) injection of electrons into the conduction band (CB) of TiO2, (3)
charge collection at the anode, (4) reduction/regeneration of the oxidized dye by redox
couple, (5) regeneration of redox couple by electron injection from cathode. The following
three processes are detrimental for the efficiency of the DSSC (6) relaxation of the excited
dye to ground state by non-radiative processes such as internal conversion, aggregation-
induced quenching, etc., (7) recombination of electrons from the CB of TiO2 with the

oxidized dye, (8) recombination of electrons in CB of TiO2 with the electrolyte.

1.3.2 Perovskite Solar Cells

The architecture of commonly used single junction perovskite solar cells can be
classified into mesoscopic and planar heterojunction structure (Figure 1.2). The mesoscopic
structure involves infiltration of perovskite into a mesoporous metal oxide scaffold.?” On
the other hand, taking advantage of ambipolar nature of perovskites, a planar configuration
can also be afforded. The planar devices could have a regular (n-i-p)?° or inverted (p-i-n)*°

configuration, depending on the selective contact (n-type or the p-type, respectively) used
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Counter electiod® counter electiod

Counter electrode
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(a) Mesoporous n-i-p (b) Planar n-i-p (c) Planar p-i-n

Figure 1.2: Device architectures of perovskite solar cells (2) mesoporous n-i-p, (b) planar (n—i—p) and (c)
planar (p—i-n).

towards the transparent electrode. Similar to DSSC, typically a PSC is also composed of
five layers, namely (1) transparent conducting oxide (TCO) (2) an electron transporting
layer (ETL), (3) photoactive perovskite layer, (4) a hole transporting layer (HTL) and (5)

the counter electrode/back contact.

The operation of both the planar as well as mesoscopic PSCs occurs through the same
charge transfer mechanism. First electrons and holes are being generated following the
photoexcitation of perovskite layer by sunlight (Figure 1.3). Then the generated electrons
are injected into the conduction band or LUMO of ETL and the holes are transferred to the
valence band or HOMO level of the hole transporting layer. These charges are then
migrating to their respective electrodes. The injection of electrons and holes occur
efficiently owing to the long diffusion lengths of charge carriers in perovskite solar cells.
However, similar to DSSC, undesirable charge transfer process such as charge
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Figure 1.3: Schematic showing working principle of perovskite solar cells.
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recombination occurs in PSCs also. These detrimental recombination processes may occur
at the interfaces between different layers as well as at the grain boundaries of perovskite
layer. Therefore, to reduce carrier recombination at the interfaces the ETL and HTL should
be compact and perovskite films should have large grains.

1.4 Components of Typical Dye Sensitized and Perovskite Solar Cells

1.4.1  Working Electrode

The solar cell devices are generally fabricated over transparent conducting oxide
(TCO) substrates, such as tin-doped indium oxide (ITO) or fluorine-doped tin oxide (SnOz:
F, FTO), which is coated on a plastic or glass substrate to provide electrical conductivity.
The transparency of these substrates allows the sunlight to pass through it to the active layer
while the electrical conductivity helps in charge transport. FTO substrate was used in all
the studies performed in this thesis due to its relatively superior qualities over ITO. FTO
substrate is recognized to have relatively better stability under atmospheric conditions. It is
chemically inert, mechanically robust and shows resistance to high temperature. Moreover,
it has high transparency, high abrasion resistance, low reflection and absorption as well as

low cost.

1.4.2  Electron Transporting Material

The main role of electron transporting layer (ETL) is to extract and transport the photo-
generated electrons. It also aligns the interfacial energy level and prevents recombination
of photo-injected electrons in the conductive substrate with the holes. The mesoporous TiO>
(m-TiO2) has been used as ETL for the fabrication of DSSCs. The ETL layer that also acts
as hole blocking layer was deposited on the TCO substrate using doctor blade technique
from a TiOz paste. It is well known that the m-TiO> provides high surface area for enhanced
dye loading and improved electron injection. It also improves the external quantum
efficiency of DSSCs.3%2 [6,6]-Phenyl-C61- methyl ester (PCBM) has been utilized as ETL

for PSC fabrication as it is the most widely used ETL in inverted PSCs.*

1.4.3  Active Layer

The photoactive layer of a solar cell is the key component which absorbs the light and
starts the whole process of electricity generation. New dyes were developed to fabricate
DSSCs and their materials property relationships were examined. The performance of
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DSSCs was improved by tuning the optical and electrochemical properties of the dyes
through molecular engineering. Similarly, quality of perovskite layer was also enhanced
through chemical additives utilizing Lewis acid base interaction. The perovskite layer was
then used to fabricate PSCs with high performance and stability. The details of material

design strategy will be discussed in section 1.6.

1.4.4  Hole Transporting Materials/Electrolyte

The main function of electrolyte is to regenerate the photo-excited dye/sensitizer.3* An
electrolyte usually consists of a redox mediator such as iodide/tri-iodide (I7/137) or Cobalt
(11/11) in an organic solvent. Through an oxidation reduction reaction, the electrolyte takes
electron from counter electrode and regenerates the dye. These electrolytes are generally
used with some additives like tert-butyl pyridine (TBP), chenodeoxycholic acid and
guanidium thiocyanate (GuSCN) etc. for optimum performance. The hole transporting
layer (HTL) is used in PSCs to collect the holes and transport to the anode. Additionally, it
blocks the electrons to recombine with holes present in the anode. The HTL should have
high mobility value, ideally higher than 102 cm? (Vxs)1® Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was used as HTL for first
two works on perovskite solar cells (Chapter 4 and 5). However, to further reduce the cost
and improve the performance and stability of PSC, Nickel oxide (NiOx) was used as HTL
for the last work (Chapter 6).

1.45 Counter Electrode/Back Contact

Counter electrode completes the internal circuit and work as an electrode that provides
voltage and current for the external electrical work. Generally, counter electrode of DSSC
is formed by thin layer of platinum (Pt) coated on an FTO or ITO and catalyze the redox
reaction of electrolyte. However, metal sulfides, carbon-based materials (graphene
composites) etc. can also be utilized as an alternative to Pt. The back contact of PSCs is
commonly made by thermal evaporation of a metal such as aluminum, silver, or gold etc.
The metal should have high work function to achieve high open circuit voltage for the

devices.

The above listed components are basic constituents of a dye sensitized and perovskite
solar cells that are commonly used. Some additional layers may also be used to further
enhance the performance and/or stability of a device. Owing to poor stability of PSCs, they

need to be encapsulated for operation under ambient conditions.
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1.5 Device Measurements

15.1 J-V Characterization

The current density-voltage (J-V) measurement is one of the most important techniques
that enables the determination of PCE of a solar cell. The J-V measurements are performed
by illuminating the solar cell under standard AM 1.5G illumination (1 Sun illumination).
The current density is recorded by linearly sweeping the voltage across electrodes to
provide J-V curve as shown in Figure 1.4(a). Following parameters are extracted from the

J-V curves:

Short circuit current density (Jsc)

The short circuit current density is obtained from the J-V curve at short circuit
condition that is when there is no photo-voltage (at zero volts). The Jsc value depends on
the absorption properties and bandgap of dye or perovskite layer, charge transportation and
collection in the complete device. Jsc is the maximum current generated in a solar cell
(Figure 1.4(a)).

Open circuit voltage (Voc)

The open circuit voltage is determined as the potential in the open circuit condition
that is when no current flows in the circuit. It mainly depends on the built-in potential and
the band positions of active layer. It is the maximum voltage obtained in a solar cell (Figure
1.4(a,b)).

Figure 1.4: A typical example of (a) J-V curve and (b) power output versus voltage curve recorded under light

illumination.
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Power conversion efficiency (PCE, #)

The overall power conversion efficiency of a solar cell is defined as the ratio of
maximum power extracted from solar cell to the power of incident light (Pin) and can be
expressed as equation 1.1:

Pmax
PCE (n) = = JscVocFFPiy (1.1)

Pin

The value of maximum power (Pmax) can be found from the product of photocurrent and
voltage at its maxima (Jmpp X Vmpp) as illustrated in Figure 1.4(b). The J-V curve of PSCs
often depends on the scan direction resulting in hysteresis behavior.3® Therefore, the scan
direction (Voc to Jsc or Jsc to Voc sweep of voltage) and the scan rate are important for

obtaining reliable photovoltaic parameters.

Fill factor (FF)

Fill factor is a parameter which is used to evaluate the deviation of real solar cell
sample efficiency from the maximum power output estimated theoretically. High value of
FF indicates good quality of solar cells. The FF of a solar cell can be calculated using

equation 1.2.

FF = JmppVmpp (1.2)
]SCVOC

1.5.2 Incident Photon to Current Efficiency (IPCE)

Incident photon to current efficiency is a parameter which determines how efficiently
the incoming photons are converted into electrons by the PSC. It is usually measured to
confirm the reliability of Jsc obtained from J-V characterization. The IPCE spectrum
(Figure 1.5) is obtained by recording the photocurrent response of PSC by applying
monochromatic light with continuously varying the wavelength of the excitation light.
IPCE is the ratio of charge carriers collected from a solar cell to the number of photons

shining over the cell and is calculated utilizing equation 1.3.

_ Nelectrons(A) _ Jsc(D)/q _ h_V Jsc() 1240 Jsc(A)
IPCEQA) = nphotons@ . Pi/hf | ah P A Pin (1:3)

Where, nNelectrons & Nphotons are number of electrons & photons, respectively. Jsc is
photocurrent density in mA cm2, q stands for an elementary charge, Pin is the power of
incident light (mW cm), h is the Planck’s constant, f is the frequency of light in vacuum

(Hz), v is the speed of light in vacuum (nm s™) and X is the wavelength of incident light
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Figure 1.5: A typical IPCE spectrum of a perovskite solar cell.

(nm). The expected short-circuit photocurrent density that is to be generated by the solar
cell is calculated by integrating the product of IPCE and Jsc (1) over the wavelength of the

incoming light.

1.5.3 Impedance Spectroscopy Measurements

Impedance spectroscopy is a useful technique to track charge transport and kinetics of
different process involved in a solar cell.>’=*® The impedance spectroscopic measurement
of DSSC and PSCs is performed, generally, in the frequency range of 1 Hz—1 MHz with
sinusoidal voltage amplitude of 10 mV in dark condition. The impedance data can be
represented in the form of either Bode plot or Nyquist plot. By fitting the impedance
spectrum, many parameters such as sheet resistance, shunt resistance, capacitance, and

density of trap states can be estimated.

1.6 Engineering Dye-sensitizer and Perovskite Layer

Dye or photosensitizer is one of the crucial parts of a DSSC and for achieving high

performance of the device it should accomplish some essential features:

(1) It should have strong absorption means high molar absorption coefficient and
panchromatic absorption covering whole visible region and even the part of the
near-infrared (NIR).
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(2) It should possess anchoring group, such as —-COOH, —SOsH, —H2POg3, etc. for strong

binding onto the semiconductor surface.

(3) The LUMO energy level of the photosensitizer should be higher than the conduction
band edge of n-type semiconductor in case of n-type DSSC. Whereas, the HOMO
energy level of the photosensitizer should be lower than the valence band level of
p-type semiconductor so that an efficient charge transfer can take place between the

excited dye and the semiconductor.

(4) The photosensitizer must have its oxidized state level more positive than the redox

potential of electrolyte for dye regeneration.

(5) Dye aggregation on the semiconductor surface, which is an unfavorable process,
should be avoided through molecular structure designing of the dye or by
coadsorbers addition that prevent aggregation.

(6) The photosensitizer should have good photostability along with good

electrochemical and thermal stability.

Many photosensitizers have been designed based on the above criteria and applied to
DSSCs in the past two decades. These dyes are broadly categorized into metal complexes
and metal-free organic sensitizers. Metal complex such as zinc porphyrin®-4° and
ruthenium polypyridine**-*2 complexes are the photosensitizers with the best performance
in terms of the efficiency and stability. However, the problem associated with ruthenium
dyes is the metal toxicity, high cost and inadequate resource availability, whereas zinc
porphyrin dyes have limited yields and involve poisonous chemicals during the synthesis.
On the other hand, metal-free organic dyes are attracting researchers attention owing to the
advantage of abundant raw materials, high molar absorption coefficient, flexible molecular
modification, and relatively low cost.** Most of the organic sensitizers consist of a push—
pull combination of a donor (D) and an acceptor (A) linked with a t-spacer. This design of
photosensitizer enhances intra-molecular charge transfer (ICT) and results in broad
absorption to effectively harvest sunlight.** The properties of D-n—A sensitizers can be
easily regulated by selecting different combinations of the constituents (i.e. D, = and A)

and different substitutions.*>*’

Though several chromophores such as triarylamine*®, coumarin®, fluorene®,
phenothiazine *°, benzothiadiazole °!, benzotriazole®?, indoline®, etc., have been used in

the assembly of organic dyes, carbazole-based organic materials are exceptionally
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interesting due to their promising properties such as relatively low oxidation potentials,
thermal and photo-stability and hole-conducting capabilities.>* Moreover, a variety of
nuclear positions available for functionalization expand the scope and utility of carbazole-
derived materials. Carbazole containing molecular materials have been successfully
demonstrated for application as hole-transporting emitters in organic light-emitting diodes
(OLED),> organic semiconductor in thin-film transistors (TFT)® and electron donors in
photovoltaics.>” The first report on the use of carbazole-based organic dyes came in 2006
and was authored by Koumura and co-workers (D1-D3, Figure 1.6).>® Several dyes
featuring carbazole as either donor or n-linker have been synthesized and demonstrated as
sensitizers in DSSC (Chemical structure of some representative dyes are presented in
Figure 1.6). Efforts to improve open circuit voltage was made by Teng and co-workers.>®
They developed two new dyes (D4-D5) where carbazole was used as donor linked to its
nitrogen atom and applied in a DSSC with Br/Brs™ redox couple. The dyes were designed
in a manner to have more positive oxidation potentials than Br/Brs". Another dye was
developed with alkoxysilyl anchoring group to afford open-circuit photovoltages higher
than 1 V with Co®*"/?*-complex redox electrolyte. It was found that dye with alkoxysilyl
anchor (D6) have robust linkage with TiO2 compared to the -COOH group (D7, D8).%°
Two series of symmetrical acceptor-donor-acceptor sensitizers (D9-D14) with two
cyanoacrylic acid anchoring terminals were developed. One series was containing 3,6-
functionalized carbazole cores whereas the second series had 2,7-functionalized carbazole.
The effect of molecular planarity was investigated and it was found that the non-planar
carbazole dye with 3,6-substitution gave better performance in DSSC. The enhancement in
the performance was attributed to the suppression of n—n stacking, superior binding with
TiO2 and relatively higher dye loadings.®* D-n—A dyes based on carbazole with
cyanoacrylic acid (D15) and rhodanine-3-acetic acid (D16) as anchoring groups were
designed and their performance was compared. D15 showed better performance compared
to the D16 owing to better electron injection to the CB of TiO2 and lower recombination
between the injected electrons from the dye with the oxidized electrolyte. Also, LUMO of
D16 dye has better orbital overlap with the conduction band of TiO2.%? Dyes with twisted
donors were developed (D17, D18) to block electrolyte from reaching TiO: surface and

reduce recombination reactions. The influence of carbazole (Cz) and triphenylaime (NPh3)
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Figure 1.6: Chemical structure of carbazole based dyes utilized in DSSCs.
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unit substitution at 3,4-position of thiophene was studied and it was observed that the dye
aggregation and charge recombination gets retarded.®® Aimed to achieve efficient dye-
sensitized solar cells (DSSCs), D-n-A organic dyes with tailored energy levels were
obtained through fluorination of their acceptor units. One or two fluorine atoms were
incorporated at the ortho-positions of the cyanoacetic acid as additional acceptor units
(D19-D21). The LUMO energy level of the organic dye was gradually lowered as the
number of fluorine atoms increased owing to the electron-withdrawing nature of fluorine,
which ultimately resulted in a gradual reduction of band gap and improved spectral
response.? Another report presented three D-D-n-A type dyes that comprised of carbazole
as donor, 4-methoxyphenyl group as auxiliary donor and three different
acceptors/anchoring units, viz. cyanoacetic acid (D22), 2,4-thiazolidinedione (D23) and
barbituric acid(D24). Here also, the dye carrying strong cyanoacetic acid moiety showcased

highest PCE compared to other anchoring groups containing dyes.%

Perovskites are the series of materials having general formula ABXs, where A and B
are cations (size of A is larger than B) and X is an anion. The cell structure of perovskite
has cubic geometry and consists of a backbone of corner-sharing octahedral formed by X
atoms with B atom at the center and cuboctahedra voids occupied by the A-cations (Figure
1.7). Usually, it forms three-dimensional networks of cells. There is a large class of
perovskite compounds out of which the methylammonium lead iodide, CH3NH3Pbls (or
MAPDI3), has been most extensively investigated and can, therefore, be seen as a standard
perovskite and a model compound. Still, there is a possibility to change cations and anions

and accordingly, their optoelectronic properties can be tuned. The major advantages of

Y7

PEANE ST
VieYd

A

Figure 1.7: Scheme of perovskite crystal unit cell (a) A-cation centered and (b) B-cation centered.
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these three-dimensional perovskite materials are its ease of fabrication, strong solar
absorption, high carrier mobility, long-lived charge carriers and low non-radiative carrier
recombination rate.®® However, the negative aspect of perovskites is that the precursors of
perovskite contain lead, raising the toxicity issues. Nevertheless, the even greater issue
associated with perovskite is extreme moisture sensitivity due to which they tend to
hydrolyze, undergoing irreversible degradation and decomposing back to its precursors. It
is also sensitive to ultraviolet light and thermal stress. The degradation is catalyzed in the
presence of heat, light and moisture.%” The qualities of perovskite film crystallinity,
morphology and defect density significantly impact the PSC performance and depend on
the fabrication conditions. Rapid improvement in the performance of PSCs has been
achieved through development of new methods for perovskite preparation.?®®®7"1 The
additive engineering is a widely used method among them, and involved in various
breakthroughs of PSCs. Additives are efficient in modulating the morphology, stabilizing
the perovskite phase, adjusting energy level alignment, suppressing non-radiative
recombination, eliminating hysteresis, and enhancing operational stability. A
representative list of additives utilized to improve the performance and stability of PSCs is

presented in Table 1.1.

The morphology, which refers to coverage, uniformity, roughness and determined
usually by the texture, grain size, and pinholes in films can be modulated with additives.
Some molecular additives, such as methylamine or DMSO can form intermediate with the
perovskite precursor and result in improved morphology through crystallization control.
DMSO, which is a high polarity solvent, was usually applied to dissolve perovskite
precursor for the formation of halide perovskites. DMSO could form complex with MAI
and Pbl,"2 and regulate the morphology of perovskite film to result in high efficiency PSC.
A mixed solvent system of y-butyrolactone (GBL) and DMSO was developed through
solvent engineering to prepare uniform, high quality perovskite film. This resulted in high
performance PSCs with a certified PCE of 16.2%.%° The improvement in the morphology
was ascribed to the formation of CH3NH3l-Pbl>-DMSO intermediate phase. Use of
chloride additives in the form of PbCl> or MACI into the precursor solution resulted in
formation of MAPbCIs perovskite due to their lower solubility.”® Upon annealing, iodide-
based perovskite with improved morphology was formed due to chloride volatilization
from the film.” Chloride additives were used along with antisolvent method or sequential

deposition for record efficiency of 23.3% and 22.7%, respectively.’*" Very recently,

TH-2267_136122028



Table 1.1:

Chapter 1: Introduction | 19

A representative list of additives utilized to improve the performance and stability of PSCs

The role of additive
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Table 1.1 continued.....

The role of additive
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Figure 1.8: The molecular structure of some large ligands listed in Table 1.1.

crystal size were increased from 250 to 1500 nm using the MACI additive with FAPbI3

perovskite via antisolvent method, resulting in a certified efficiency of 23.48%.8'

Non-radiative recombination drastically affects the efficiency of solar cells. Generally,

defects cannot be avoided as the perovskite films are polycrystalline in nature. These

defects present in the perovskite film induce carrier recombination centers, which results

in non-radiative recombination and hence loss of open circuit voltage and fill factor. In

addition to the formation of perovskite film with good morphology, defect passivation of
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perovskite film is a powerful approach to suppress the non-radiative recombination loss
and thus improve the performance of PSC.% Ultrathin PMMA films were introduced and
it was observed that the carbonyl (C=0) groups present on PMMA could passivate both
perovskite/HTL as well as perovskite/ETL interface via Lewis-Base interaction with of
Pb?* ions.”® An ultrahigh Voc of 1.22 V was obtained using this approach with a 1.6 eV
bandgap perovskite material. Another report also demonstrated similar approach to enhance
the performance of PSC.% Lewis acid iodopentafluorobenzene (IPFB) was employed to
passivate surface trap states, which was induced by under-coordination of halide ions. The
perovskite was passivated via supramolecular halogen bonding to give a PCE of 15.7%."°
Lewis bases, such as thiophene and pyridine were also utilized that coordinate with under
coordinated Pb atoms. This could also reduce the rate of non-radiative recombination
significantly in the perovskite films.%

Before its commercialization, the stability of PSCs is a major bottleneck among other
issues. Many additives including small molecules and polymers have been proven to
improve the moisture stability of the perovskite films. Generally, the additives opted for
stability improvement contains a functional group which can coordinate with perovskite
along with a hydrophobic core. The additive coordinates with perovskite during film
formation and its functional groups come over the surface or at the grain boundaries. The
hydrophobic part protects it from moisture. Incorporation of trimethylolpropanetriacrylate
(TMTA), a hydrophobic additive into MAPbIz perovskite films that anchor chemically to
grain boundaries and then in situ crosslink, after thermal treatment to a robust continuous
network polymer® showed enhanced thermal, UV and moisture stability. The PSC with
TMTA retained nearly 80% of its initial efficiency after 400 h at maximum power point
under full-sun AM 1.5 G illumination of Xenon lamp without any UV filter. It also
demonstrated excellent stability under moisture or thermal (85 °C) conditions, with over

90% of their initial efficiency after 1000 h of aging.

1.7 Thesis Synopsis

Motivated from the energy crisis and climate change, the focus of this thesis is to
achieve clean and sustainable energy generation by further advancing the development of
dye sensitized and perovskite solar cells in terms of performance and stability. The first

part of the thesis deals with the design and development of new sensitizers and analysis of
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their structure property relationship as well as photovoltaic performance. The second part
is an effort to progress and understand the crystallization process of perovskite material. In
addition, control of trap states and ion migration in perovskite layer has also been
performed through additive engineering. The results obtained during the course of these
developments are divided into five chapters. Finally, a summary and future prospect is

presented. A brief outline of these chapters is given below

Chapter 2 aims to enhance the absorption property of metal-free sensitizers. The
absorption spectra of sensitizer may be broadened by either increasing the conjugation
length using an additional spacer, donor, and acceptor or introducing different substituents.
The extension of m-conjugation causes unfavorable n—m stacking and aggregation that
results in low photo-stability. With the aim to avoid this, fluorine atom was substituted on
organic sensitizers, which provided an inverted charge density distribution with respect to
the analogous non-fluorinated molecule due to its strong electron-withdrawing nature.
Moreover, it strongly impacted on inter- and intra-molecular interaction via hydrogen
bonding. As a result, broad absorption and high electron injection rates were achieved, and
hence the dye MA1F-o0 outperformed other dyes with a power conversion efficiency of
4.02%. Thus, this has been revealed that fluorination could be used as a tool to optimize
the optical, electrochemical and electron injection properties to obtain high-efficiency
DSSCs.

Chapter 3 focuses to reduce the dye aggregation on the TiO2 photoanode and correlate
it with the molecular design. With this goal two new o,m-di fluoro substituted phenylene
spacer dyes with mono- or di-anchoring groups have been synthesized having carbazole
donor. The molecular properties of the newly synthesized dyes were extensively studied
and correlated with the photovoltaic performance for both liquid as well as solid state
DSSCs (ss-DSSCs). Further, electrochemical impedance spectroscopy (EIS) measurements
were used to estimate carrier transport and interfacial charge recombination in the solar cell
devices. The dye having presence of two acceptor groups (Cz-D2) showed lower LUMO
level, efficient electron extraction, lesser aggregation, high molar extinction coefficient and
better charge transfer. Therefore, without using any additive, Cz-D2 exhibited an attractive
PCE of 5.35%. Hence, molecular engineering of sensitizers could be used to solve the

problem of dye aggregation.

Chapter 4 deals with the crystallization control and the grain growth of perovskite

films. The precise control of perovskite crystallization process that could provide smooth
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films with large grains is a prerequisite for solar cell fabrication to achieve higher
efficiencies. To accomplish this the Lewis acid base approach was combined with the hot
casting technique to control the grain growth of perovskite films by varying the amount of
DMSO added in the perovskite precursor solution of lead iodide (Pbl2) and methyl
ammonium chloride (MACI) in dimethylformamide (DMF) carefully. Uniform films of
MAPDCIxlzx having large grain size were formed reproducibly on addition of 1.5
equivalents DMSO to the precursor solution. Perovskite solar cells fabricated using this
solution resulted in maximum PCE of 14.11% with enhanced stability. Further
improvement in PSC performance could be achieved by using a mixture of A site cations

in perovskite.

Chapter 5 discusses the issue of perovskite crystallization and stability of perovskite
solar cells. Although improvements have been achieved in the crystallization process by
incorporation of additives into the perovskite precursors to attain high-quality large-grain
perovskite films with uniform morphology and smooth surface, the poor stability of PSCs
has still remained a key challenge that need to be solved. Oxalic acid (OA) was introduced
as an effective additive into perovskite precursor solution to positively impact both
photovoltaic performance and stability of PSCs. The bidirectional OA assisted growth
enabled a substantial improvement in the quality of perovskite films, leading to an
enhancement in PCE to 17.12%. Furthermore, a remarkable improvement in stability under
heat at 100 °C was obtained with OA incorporation, where the OA modified PSCs exhibited
much higher PCE retention of 70% after 19 h. This study provides an effective way to
prepare perovskite film with superior morphology and low recombination to achieve high

efficiency and stability of PSCs.

Chapter 6 demonstrates simultaneously improvement of perovskite film morphology
and passivation of trap states. The solution processed polycrystalline perovskite films have
multiple times higher defect density compared to the single-crystalline film. In this work,
improved perovskite morphology with effective defect passivation has been achieved by
adding benzene carboxylic acid (BCA) derivatives in the perovskite precursor solution.
Three different BCA derivatives, viz. benzoic acid (BA), isophthalic acid (ITA), and
trimesic acid (TA), have been used in this study. TA incorporated device, gave highest PCE
of 18.08% with a significant improvement in the open circuit voltage to 1.063 V (an
enhancement of =110 mV). In addition, the device with TA exhibited enhanced thermal
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stability. Besides, a unique property of these additives to use higher concentration of —
COOH group by substituting it on the same aromatic core has been established. Thus, this
approach to use BCA functionalized molecules to reduce trap states through passivation
along with crystallization control further extends the knowledge of selective chemical

additives to enhance perovskite based solar cells.

Chapter 7 discusses conclusions of the thesis and prospects. A brief summary of
research work carried out and possibilities of investigations required towards the

commercialization of perovskite solar cells in the near future is presented.
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Abstract

The preparation of a series of organic dyes having a carbazole donor, cyanoacrylic acid
as an acceptor, and phenylene ring as a spacer with the influence of fluorine substitution at
different positions on the photophysical and device properties is presented in this chapter.
Due to its unique properties of small size and high electronegativity, fluorine is now being
extensively used to control the optoelectronic properties of organic conjugated materials.
In this study, the results revealed that the specific position and number of fluorine
substitution were very crucial to control the optical as well as the electrochemical properties
of organic dyes. It was found that fluorine substitution led to a red shift in the absorption
spectra of the dyes and reduced the band gap. The injection rate of photoexcited electrons
was measured using time-resolved photoluminescence and the o-fluoro substituted dye
MAZ1F-o showed the best electron injection dynamics. As a result of broad absorption and
high electron injection rate, the dye MAL1F-o0 outperformed other dyes with a power
conversion efficiency of 4.02% (Jsc = 8.28 mA cm2, Voc = 0.745 V and FF = 0.64). The
non-fluorinated dye MAOF exhibited a power conversion efficiency of 3.23% (Jsc = 6.80
mA cm?, Voc = 0.720 V and FF = 0.67). The dye MA1F-m exhibited the least molar
absorption coefficient and a lower power conversion efficiency because of the meta

inductive effect.
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2.1 Introduction

Considering the efficiency and stability, zinc porphyrin®® and ruthenium
polypyridine®® complexes are the dyes with the best performance. However, ruthenium
dyes have a drawback of metal toxicity and inadequate resource availability, whereas zinc
porphyrin dyes have the complications of giving low yields and handling of highly
poisonous chemicals during the synthesis.® DSSCs have recently achieved the record in the
power conversion efficiency (PCE) of more than 14% based on organic sensitizers, which
is higher than the maximum reported efficiency of metal complex dyes.!® Organic
sensitizers have the advantage of abundant raw materials, flexible molecular modification,
and high molar absorption coefficient.!* Organic sensitizers mostly consist of a push—pull
combination of a donor (D) and an acceptor (A) linked with a m-spacer to enhance intra-
molecular charge transfer (ICT), resulting in effective sunlight harvesting.'? The properties
of D-n—A sensitizers can be easily tuned by choosing different combinations of the
components (i.e. D and A) and different substitutions.**>*® Photovoltaic characteristics of a
sensitizer can be enhanced by broadening the absorption spectra. This may be achieved by
either increasing the conjugation length using an additional spacer, donor, and acceptor or
introducing different substituents. The extension of m-conjugation causes unfavorable n—n
stacking and aggregation that results in low photo-stability.*® Fluorine atom, when
substituted on organic sensitizers, provides an inverted charge density distribution with
respect to the analogous non-fluorinated molecule due to its strong electron-withdrawing
nature. Moreover, fluorine has a strong impact on inter- and intra-molecular interaction via
hydrogen bonding. It is also beneficial in lowering the energy level as well as reducing the
band gap.?’ The method based on fluorine substitution to obtain a narrow band gap
sensitizer also has the advantage that fluorinated sensitizers are more hydrophobic, creating
a large shielding that curtails the direct contact between the electrolyte and the photoanode.
Several studies have been reported on the effects of fluorination, which includes either the
effect of fluorine position (ortho- or/and meta- to cyanoacrylic acid)?*?® or the effect of
fluorine content.?*% It has a observed that when fluorine was substituted at an ortho-
position, a superior PCE was obtained, while it hampered the efficiency when incorporated
at a meta position. When mono and di-ortho substitutions were considered, the highest
efficiency in mono-substitution was observed with vinyl spacer dyes, whereas di-

substituted dye gave the highest efficiency with thieno[3,2-b]thiophene spacer.?-°
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In this chapter, fluorine containing metal-free organic sensitizers MA1F-o, MA1F-m
and MAZ2F (Figure 2.1) were designed and synthesized. These sensitizers contain carbazole
donor, cyanoacrylic acid as an acceptor and different fluorine substitutions at a phenylene
unit that acted as a spacer. Both the number and the position of fluorine on phenylene spacer
were changed. The properties of these dyes were compared with those of the fluorine-free
reference dye MAOF. Fluorination can lower the LUMO level relative to that of the non-
fluorinated dye because of its electron withdrawing nature, resulting in a narrower band
gap and a red shift in the absorption. It was observed that mono fluorine substitution at the
ortho position improves the photovoltaic properties of the dye significantly. The
improvement in the photovoltaic properties was correlated with the positions and number
of fluorine using UV-vis absorption spectroscopy, differential pulse voltammetry, time-
resolved photoluminescence and electrochemical impedance spectroscopy.

2.2 Results and Discussion

Fluorine substitution at ortho (MA1F-0), meta (MA1F-m) and ortho—meta positions
(MAZ2F) on phenyl spacer to cyanoacrylic acid of the reference dye MAOF was carried out
to design the dyes. The synthesis method of MA dyes involved two steps (Figure 2.1). First,
the Suzuki coupling reaction of 3-bromo-9-hexyl-9H-carbazole with 1 (a, b, c, or d) gave
the corresponding aldehyde 2 (a, b, ¢, or d). The second step involved the Knoevenagel

reaction of 2 (a, b, ¢, or d) with cyanoacetic acid to afford the corresponding dye.

The UV-vis absorption spectra of all dyes in chloroform solution are illustrated in
Figure 2.2(a) and the parameters are summarized in Table 2.1. All the dyes exhibited
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Figure 2.1: Synthesis of MA dyes: (i) Pd(PPhs)s, KoCOs, THF : H20 (3: 1, v/v), 85 °C, Argon, 12 h; (ii)
cyanoacetic acid, piperidine, CH3CN, 85 °C, 8 h.
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similar spectra with the localized n—n* transition peaks in the range of 260-360 nm and the

intra-molecular charge transfer (ICT) transition from carbazole to the cyanoacrylic acid

group in the range of 360—500 nm. The reference dye MAOF exhibited a Amax at 380 nm

(e = 24957 Mt cm™) for the lowest energy peak. As expected, fluorine substitution
resulted in a red shift of the absorption maxima to 396, 400, and 402 nm for MAL1F-o,
MAZLF-m, and MAZ2F, respectively. The observed red shift was attributed to the reduction

in the band gap because of the electronegative fluorine substitution.?? However, a moderate
decrease in the molar absorption coefficient of MA1F-o (19869 Mt cm™) and MA2F
(19251 Mt cm™) as well as a dramatic decrease in case of MALF-m (11489 M* cm™)

were observed. As compared to the absorption onset of other fluorinated dyes, the

absorption onset of MA1F-m was blue-shifted due to the meta inductive effect of the

fluorine atom and was almost equal to that of MAOF. Figure 2.2(b) shows the absorption
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Figure 2.2: (a) UV-vis absorption spectra of the dyes in chloroform solution and (b) normalized UV-vis

absorption spectra of the dyes absorbed on TiO- film.

Table 2.1: Optical and electrochemical data of the sensitizers.

Dye Amax Emax EHOMO ELUMO Eg
(nm) (M-cm?) (eV) (eV) (eV)

MAOF 380 24957 -5.35 -3.43 1.92
MALF-0 396 19896 -5.38 -3.54 1.84
MAL1F-m 400 11489 -5.44 -3.49 1.95
MAZ2F 402 19251 -5.34 -3.56 1.78
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spectra of the dyes absorbed on 6 pm TiO; films, where the maximum absorption peaks are
located at 435, 418, 446, and 440 nm for MAOF, MA1F-0, MA1F-m, and MAZ2F,
respectively. When dyes are loaded onto TiO:> surface, the aggregation and deprotonation
affect the UV-vis absorption. The aggregation of the sensitizers may be of H-type or J-type.
The H-type aggregates along with deprotonation always resulted in the blue shift of the
absorption peak, while the J-type aggregates mainly led to the red shift.” The red shift in
the absorption maxima for the dyes coated onto TiO, as compared to those in the
chloroform solution, in this study, proved the dominance of J-type aggregates. A blue shift
in the absorption peak of MA1F-0 as compared to that of other dyes may be attributed to

better deprotonation and anchoring to the TiO- layer.

Cyclic voltammetry (CV) was performed to calculate energy levels of the sensitizers.
However, the reduction peak was not observed (Figure 2.3(a)). Therefore, a more sensitive
technique, differential pulse voltammetry (DPV), was used to obtain the energy level.
Quasi-reversible oxidation and reduction peaks were observed for all the sensitizers (Figure
2.3(b)). The energy levels of all MA dyes were calculated using the formulae Exomo =
(—4.8 — Eox) eV and ELumo = (—4.8 — Ered) eV, as reported in the literature.?® The HOMO
level of all the dyes matched well with the redox potential of 1"/1s™ present in the electrolyte.
The electron-withdrawing nature of fluorine led to an enhanced charge separation between
the donor and the acceptor parts.?? As a result of fluorination, the LUMO level of MAOF
(—3.43 eV) was lowered to —3.54, —3.49, and —3.56 ¢V for MA1F-0, MA1F-m and MAZ2F,
respectively. These values were above the conduction band (CB) level of the TiO; electrode
(=3.9 eV), providing a sufficient driving force for the electron injection from the oxidized
sensitizer to the CB of the mesoporous TiOz layer. The electron injection from the dye to
the CB of TiO2 was analyzed by dynamic fluorescence. The lifetime decay curves of the
dyes coated on 6 um thin film of TiO2 and Al2Os are illustrated in Figure 2.3(c,d). The
decay was found to be biexponential in case of TiO, and triexponential for Al>Os. The
fluorescence decays of the dyes absorbed on alumina films showed only the intermolecular
energy transfer due to the aggregation of the dye on the alumina surface. However, in case
of the dyes absorbed on TiO films, both processes, the aggregation induced energy transfer
and the electron injection from the excited dye into the conduction band of TiO2, occurred
simultaneously. Therefore, if same aggregation is assumed in both the cases (i.e. Al.Os and
TiOy) as the same thickness of Al,O3 and TiO: films were used, the rate constant for the

electron injection from the excited state of the dye into the conduction band of TiO2 can be
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Figure 2.3: (a) Cyclic voltammetry, (b) Differential pulse voltammetry, (c) time resolved photoluminescence
on TiO; films and (d) on Al,O3 films of MA dyes.

evaluated using equation Kinj = ktioz — kaiz03.>>>° The average lifetime (t), rate coefficient

(k), and rate constants for the electron injection (ki) are listed in Table 2.2. Monofluoro-
substitution at the ortho position (MA1F-0) and difluoro-substitution (MAZ2F) resulted in

an increase in the rate constant for the electron injection to 9.10 x 108 and 9.48 x 108 1,

respectively. Moreover, a decrease in the rate constant was observed in case of MAL1F-m

(3.95 x 108 s71) when compared with that of the reference dye MAOF which has the rate

Table 2.2: Electron injection kinetics data of the sensitizers.

Dye <>TiO; <>Al,03 kTiO, kAl>,O3 Kinj
(ns) (ns) (x 108 s1) (x 108 s1) (x 108 s%)
MAOF 1.15 3.69 8.70 2.71 5.99
MALF-o 0.88 4.41 11.36 2.27 9.10
MA1F-m 1.66 4.83 6.02 2.07 3.95
MAZ2F 0.88 531 11.36 1.88 9.48
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constant of 5.99 x 108 s™1. The rate constant is a measure of electron transfer between the
dye and the CB of TiOa.

Electron density of frontier molecular orbitals was analyzed using Gaussian 09
software package. Density functional theory (DFT) calculations were carried out at
B3LYP/6-31G(d,p) level. The distribution of electrons was similar in all the dyes as seen
in Figure 2.4. The dyes were almost planar (Appendix A, Figure A-1, maximum dihedral
angle 37.4°) and HOMO electrons are mainly distributed on the carbazole unit with partial
spreading over the phenyl ring. LUMO electrons are spread from cyanoacrylic acid up to
the phenyl spacer. The analogous HOMO and LUMO levels could be attributed to the same
backbone structure of the dyes. Fluorine substitution lowered both the HOMO and LUMO
level and reduced the band gap.

.‘
-34 < ®
-3.43
-3.90
“+1tio (CB)
| 1.92
-5
-5.35
-6 - .
-7 - d .

Figure 2.4: Frontier molecular orbitals of the dyes (HOMO-bottom, LUMO-top) calculated from Gaussian
B3LYP/6-31G(d,p) level and the experimental energy level diagram.
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Figure 2.5: (a) Current—voltage measurements and (b) IPCE spectra of all DSSC devices.

Based on an earlier report where the effect of the thickness of the TiO> film sensitized
with different fluorine containing dyes was investigated,® 12 um thick TiO2 film was
selected due to its suitability with the dyes of these series. The devices with the N719 dye
were also fabricated to understand the quality of our dyes. Figure 2.5(a) shows the J-V
curves of DSSCs under light and dark conditions (the J-V curve of DSSC with N719 dye
is presented in Appendix A, Figure A-2). The results show that the power conversion
efficiency (PCE) of the DSSC changed clearly with the position of fluorine substitution in
the phenyl ring of the dyes. Various photovoltaic parameters of DSSC with different
sensitizers are depicted in Table 2.3. Photovoltaic parameters in terms of Jsc, Voc and PCE
of DSSC based on the reference dye MAOF (i.e. without fluorine substitution) were 6.76
mA cm2,0.718 V and 3.23%, respectively. The introduction of a single fluorine atom at

Table 2.3: Photovoltaic parameters of different sensitizers based DSSC devices.?

Dye Jsc Voc FF n
(MmA cm?) V) (%)
MAOF 6.8+ 0.1 0.72+ 0.02 0.67 £0.08 3.2+£0.2
MA1F-0 8.3+0.1 0.75+0.01 0.64 £ 0.06 4.0+£0.2
MA1F-m 6.4+ 0.1 0.69+ 0.01 0.59 £0.04 2.7+0.3
MA2F 7.3£0.1 0.73+£0.02 0.63+0.03 35101
N719 13.05+£ 0.1 0.72+0.02 0.72+ 0.05 6.5+ 0.2

aAverage of 5 devices is presented
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the ortho position on the phenyl ring (MA1F-0) led to a red shift in the absorbance (Figure
2.2(a)) due to the pronounced charge transfer, in the presence of fluorine atom, towards the
acceptor end along with the subsequent H-type aggregation inducing the blue shift on the
TiO; film, which led to an enhancement in Jsc (8.28 mA cm™2). To analyze the increase in
the photovoltage of the dyes MA1F-0, MA2F and the decrease in the case of MA1F-m
compared to that of reference dye MAOF, the dipole moment of the dyes was analyzed
using DFT. The energetics of titania electrode depends on the dipole moment of the
sensitizers in a DSSC. Therefore, the dipole moment of these dyes was compared. The
dipole moment normalized to the surface of TiO2 (u.) is among three components that can
cause a shift in the conduction band potential of TiO.. A higher positive value of p, can
upshift the conduction band of TiO, which could lead to an increase in the photovoltage.?®
As listed in Table 2.4, the order of u; was MA1F-o > MA2F > MAOF > MAL1F-m. This
increase in the p, led to the increment of the photovoltage. The increase in the photovoltage
coupled with the increase in the photocurrent resulted in the enhancement of PCE in the
same order. The incident photon-to-current conversion efficiency (IPCE) spectra, which
reflects the efficiency of photoelectric conversion at various wavelengths, are depicted in
Figure 2.5(b). Because of the strong absorption bands in the visible range (400-500 nm),
these molecules had a good IPCE in a wide range of the solar spectrum, which is in good
agreement with the absorption spectra of the dyes. Furthermore, it can be observed that the
IPCE plateaus of the MA1F-0 and MAZ2F dyes are higher than that of the MAOF dye,
whereas that of MAL1F-m is lower, indicating the significant effect of fluorine unit on the

light harvesting capability.

The Voc value depends on the conduction band edge (Ec) of the TiO> electrode and
the electron recombination process at the TiO2/dye/electrolyte interface.®23* The
electrochemical impedance spectroscopy (EIS) measurement was performed to evaluate
the recombination in the DSSC devices and correlate it with the difference in the Voc
values. Typical EIS Nyquist plots measured in the dark under forward bias (—0.7 V) are
shown in Figure 2.6(a). The larger semicircle at lower frequencies represents the interfacial
charge-recombination resistances (Rrc) at the TiO2/dye/electrolyte interface.® The fitted
Rrec increased in the order of MAL1F-m < MAOF < MA2F < MA1F-o0, which is consistent
with the sequence of the Voc values in the devices. The larger R value indicates that the
electron recombination from the conduction band to the electrolyte occurred with more

difficulty. Clearly, the electron recombination in the devices based on MA1F-m and MAOF
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Table 2.4: Dipole moment of the sensitizers calculated using density functional theory.

Components of dipole moment

Dye (Debye)
Hx Hy Hz
MAOF -15 -6.3 6.3
MA1F-o0 0.8 5.6 7.0
MALF-m 0.9 5.3 55
MA2F 0.3 -4.6 6.2
120 2
R, CPEl  CPE2 *m(ii
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Figure 2.6: () Electrochemical impedance spectroscopy spectra (EIS) of DSSC performed at —0.7 V bias
under dark condition and (b) Tafel polarization curve of the devices under dark condition.

was faster than that in devices based on MA2F and MA1F-o. By fitting the EIS curves,
another important parameter for DSSCs, the electron lifetime (t), could be extracted from
the chemical capacitance (Cp) and Rrec using the equation 1 = CPE2 x Ryec. The fitted t
increased in the same order as the recombination resistance, providing an explanation of

the difference in Voc yielded by the DSSCs based on these four dyes.

The Tafel polarization curves, used to study the back-electron transfer reaction in the
DSSC devices, are shown in Figure 2.6(b). This technique is used to analyze the interface
charge transfer of the iodine/triiodide redox mediator on the photoanode surface. The
kinetics of the anodic reactions occurring at the electrolyte and TiO2 photoanode interface

can be represented using the Butler—\VVolmer equation (equation 2.1).%%7

acnF agnF

j = ~Jo (exp i (B~ Eeg) = (exp 5" (B~ Eeq) (1)
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Figure 2.7: (a) Open-circuit voltage decay spectra of the DSSC devices. (b) Decay curves after illumination
are turned off.

where Jo is the exchange current density; Eeq is the equilibrium potential of the
iodide/triiodide redox system; E is the applied voltage; o and o are the anodic and cathodic
transfer coefficients, respectively. It is clear from this equation that J = Jo as E = Eeq in the
dark condition. Tafel measurement data were fitted using the CorrView software and Jo
was estimated for all the devices and summarized in Table 2.5. From the results obtained,
it can be concluded that the trend of Jo value fits best with Ryt and Rrec from EIS study and
the highest exchange current density of MAL1F-o confirms the better performance over the

other sensitizers.

Open-circuit voltage decay (OCVD) method is a useful tool to evaluate the electron
lifetime and the electron recombination velocity kinetics in DSSCs.® To support the

mechanism from EIS study, OCVD measurements were performed, where the simulated

Table 2.5: Charge transfer kinetic parameters of the DSSC devices.

43

Dye Ryt Rrec CPE2 Tr Jo
Qcm??  (Qcm??  (mF)? (ms) (UA cm2)P
MAOF 24.4 157.1 721.2 1134 0.581
MA1F-o0 19.0 251.7 675.8 170.0 0.995
MA1F-m 28.3 78.18 707.4 62.3 0.397
MAZ2F 26.7 190.4 601.3 114.0 0.613

3From EIS measurements, "From Tafel polarization.
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solar light was illuminated on the device and a steady-state voltage was obtained after
interrupting the illumination (Figure 2.7). This result indicated that the equilibrium between
the electron injection and the electron recombination was attained at the TCO surface. A
potentiostat monitored the decay of Voc of the photoanode with different sensitizer-based
devices. Herein, the exponentially fitted decay behavior of MA1F-0 was the slowest,

suggesting the superior photovoltaic performance.

2.3 Conclusions

In this study, a strong connection between the fluorine substitution and the
optoelectronic properties of the dyes have been shown. Four carbazole-based dyes (MAOF,
MA1F-0, MAL1F-m and MAZ2F) having the same structure, but different fluorine
substitution at phenylene spacer were synthesized involving a simple two-step reaction
(Suzuki coupling followed by Knoevenagel condensation reaction). UV-Vis absorption
spectroscopic analysis revealed that the dyes with fluorine substitution exhibited red-
shifted absorption maxima as compared to the non-fluorinated reference dye MAOF. TRPL
studies of the dyes coated onto the TiO2 and Al2O3 film elucidated the role of fluorine in
the electron injection. The results indicated that when fluorine substitution was aligned
towards the TiO2 surface, the dye showed a higher electron injection rate. It has also been
illustrated that the position and the content of fluorine have a direct influence on the
photovoltaic performance of DSSC. As expected from the optical and electrochemical data,
with respect to the reference dye MAOF, the dyes MA1F-0 and MA2F with a better
absorption near the absorption onset resulted in an increased short circuit current, while the
dye MAL1F-m with the absorption onset almost equal to that of MAOF and very low
extinction coefficient resulted in a lower Jsc. The DSSC device based on the dye MA1F-0
gave the best solar cell performance among those based on the other dyes with a PCE of
4.02%, corresponding to a Jsc = 8.28 mA cm 2, Voc = 0.745 V and FF = 0.64. Thus, fluorine
substitution could be used as a tool to optimize the optical, electrochemical and electron

injection properties to obtain high-efficiency DSSCs.
2.4 Experimental Section

241 Materials

All the materials used in this work were purchased from different commercial sources

and used as received. Precursor 3-bromo-9-hexyl-9H-carbazole was synthesized according
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to the reported literature.®® All the reactions were performed under argon atmosphere.

Moisture sensitive reactions were carried out with dried and freshly distilled solvents.

2.4.2  Synthesis

The synthetic procedure and the chemical structure of the dyes are shown in Figure
2.1. The dye MA1F-0 was synthesized earlier in our lab.3! The synthesis of dyes was
confirmed by *H, *C, °F NMR and HRMS analysis. (Appendix A, Figure A-3 to 24).

General synthesis of compounds 2a-2d

3-Bromo-9-hexyl carbazole (300 mg, 0.91 mmol), 1 (1.37 mmol) [la-1d],
tetrakis(triphenylphosphine) palladium (30 mg, 0.03 mmol) and potassium carbonate (500
mg, 3.62 mmol) were added in THF/H20 (3:1, v/v, 12 mL) solution under an Argon
atmosphere and the mixture was refluxed for 12 h. After the completion of the reaction, the
mixture was cooled to room temperature and THF was evaporated under a reduced
pressure. The compounds were then extracted with chloroform, washed with water, dried
over anhydrous sodium sulphate and purified over column chromatography (silica gel, 4—
6% ethyl acetate in hexane).

4-(9-Hexyl-9H-carbazol-3-yl)benzaldehyde (2a) *H NMR (600 MHz, CDCls): §
(ppm) 9.98 (s, 1H), 8.30 (s, 1H), 8.08 (d, 1H, J = 7.8 Hz), 7.89 (d, 2H, J = 7.8 Hz), 7.80 (d,
2H,J=7.8 Hz), 7.68 (d, 1H, J = 8.4 Hz), 7.44-7.40 (m, 2H), 7.36 (d, 1H, J = 8.4 Hz), 7.19
(t, 1H, J = 7.2 Hz), 4.25 (t, 2H, J = 7.2 Hz), 1.82 (q, 2H, J = 7.2 Hz), 1.34-1.18 (m, 6H),
0.79 (t, 3H, J = 7.2 Hz). °C NMR (150 MHz, CDCl3): § (ppm) 192.23, 148.47, 141.18,
140.81, 134.63, 130.65, 130.58, 127.74, 126.33, 125.35, 123.72, 123.05, 120.67, 119.49,
119.45, 109.39, 109.22, 43.48, 31.78, 29.17, 27.18, 22.75, 14.21. HRMS (ESI) m/z: [M +
H]* calcd for CasH26NO 356.2014, found 356.2001.

3-Fluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2¢) 'H NMR (600 MHz,
CDClIz): 8 (ppm) 9.93 (s,1H), 8.25 (s, 1H), 8.05 (d, 1H, J = 7.8 Hz), 7.68-7.60 (m, 4H),
7.43-7.40 (m, 2H), 7.35 (d, 1H, J = 7.8 Hz), 7.18 (t, 1H, J = 7.2 Hz), 4.24 (t, 2H, J = 7.2
Hz), 1.81 (g, 2H, J = 7.8 Hz), 1.35-1.18 (m, 6H), 0.79 (t, 3H, J = 7.2 Hz). 13C NMR (150
MHz, CDCls3): 6 (ppm) 190.91, 161.12, 159.47, 141.09, 140.69, 136.62, 136.53, 131.76,
131.74, 126.89, 126.32, 125.14, 123.36, 122.97, 121.41, 120.68, 119.48, 116.68, 116.52,
109.19, 109.02, 43.45, 31.77, 29.16, 27.17, 22.74, 14.21. **F NMR (565 MHz, CDCls): &
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(ppm) —116.43. HRMS (ESI) m/z: [M + H]" calcd for CosHzsFNO 374.1920, found
374.1932.

2,3-Difluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2d) *H NMR (600 MHz,
CDCl): 6 (ppm) 10.29 (s, 1H), 8.25 (s, 1H), 8.05 (d, 1H, J = 7.8 Hz), 7.62 (t, 2H, J = 8.4
Hz), 7.44-7.36 (m, 5H), 7.21-7.17 (m, 1H), 4.25 (t, 2H, J = 7.2 Hz), 1.81 (q, 2H, J = 7.2
Hz), 1.33-1.21 (m, 6H), 0.79 (t, 3H, J = 7.2 Hz). 3C NMR (150 MHz, CDCls): § (ppm)
186.20, 154.73, 152.87, 148.95, 147.28, 141.12, 140.93, 138.42, 138.36, 126.68, 126.48,
121.36, 120.71, 119.64, 109.26, 109.17, 43.48, 31.76, 29.16, 27.17, 22.74, 14.20. *°F NMR
(565 MHz, CDCls): & (ppm) —143.24 (d, 1F, J = 20.4 Hz), —146.60 (d, 1F, J = 20.4 Hz).
HRMS (ESI) m/z: [M + H]" calcd for C2sH24F2NO 392.1826, found 392.1837.

General synthesis of dyes (MAOF, MA1F-0, MA1F-m, and MA2F)

In a clean and dry round bottom flask, a mixture of the compound 2 (0.25 mmol) [2a—
2d] and cyanoacetic acid (0.3 mmol) was dissolved in acetonitrile and sparged with Argon.
Finally, piperidine (0.03 mmol) was added to the reaction mixture and it was refluxed for
10 h. The solution was then allowed to cool to room temperature and acetonitrile was
evaporated using a rotary evaporator. The compound was finally extracted with chloroform,
washed with 0.1 M HCI, and dried over anhydrous Na,SO4. The solid was finally washed

with hexane and 2% ethyl acetate in hexane to get the pure compounds.

2-Cyano-3-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAOF) M.p. 228-
230 °C. IR (KBr, cm™1): 3450, 2955, 2927, 2854, 2216, 1700, 1596, 1478, 1352, 1192. H
NMR (600 MHz, DMSO-d6): 6 (ppm) 8.60 (s, 1H), 8.26 (d, 1H, J =7.2 Hz), 8.00-7.93 (m,
5H), 7.86 (d, 1H, J =8.4 Hz), 7.69 (d, 1H, J = 8.4 Hz), 7.62 (d, 1H, J = 8.4 HZz), 7.47 (t, 1H,
J=7.8Hz),7.23(t,1H,J=7.2 Hz),4.42 (t, 2H, J = 6.6 Hz), 1.78 (9, 2H, J = 7.2 Hz), 1.31-
1.20 (m, 6H), 0.81 (t, 3H, J = 7.2 Hz). *°C NMR (150 MHz, CDCls): § (ppm) 152.30,
144.32, 140.39, 139.73, 131.16, 130.04, 126.53, 125.07, 124.87, 122.95, 122.73, 120.53,
118.64, 118.16, 114.26, 108.36, 108.11, 42.45, 31.42, 28.58, 26.73, 22.52, 14.04. HRMS
(ESI) m/z: [M + H]" calcd for C2gH27N202 423.2073, found 423.2079.

2-Cyano-3-(3-fluoro-4-(9-hexyl-9H-carbazol-3-I)phenyl)acrylic acid (MAL1F-m)
M.p. 134-136 °C. IR (KBr, cm™): 3439, 2956, 2924, 2852, 2222, 1711, 1594, 1491, 1383,
1249, 1082. 'H NMR (600 MHz, DMSO-d6): & (ppm) 8.45 (s, 1H), 8.23 (d, 1H, J = 7.2
Hz), 8.13 (bs, 1H), 7.91 (bs, 2H), 7.83 (t, 1H, J = 7.8 Hz), 7.72 (s, 2H), 7.64 (d, 1H,J =7.8
Hz), 7.49 (t, 1H, J = 7.2 Hz), 7.23 (t, 1H, J = 7.2 Hz), 4.43 (bs, 2H), 1.79 (bs, 2H), 1.29—
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1.22 (m, 6H), 0.81 (t, 3H, J = 6.6 Hz). 13C NMR (150 MHz, DMSO-d6): § (ppm): 142.73,
140.52, 139.93, 129.96, 129.80, 128.02, 127.33, 126.81, 125.99, 124.65, 123.00, 122.75,
122.24, 120.62, 118.94, 118.66, 109.78, 109.46, 42.35, 30.95, 28.48, 26.10, 21.98, 13.82.
19 NMR (565 MHz, CDCls): & (ppm) —117.30. HRMS (ESI) m/z: [M + H]* calcd for
CasHasFN202 441.1978, found 441.1866.

2-Cyano-3-(2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid
(MA2F) M.p. 196-198 °C. IR (KBr, cm™): 3451, 2957, 2924, 2852, 2227, 1701, 1588,
1492, 1428, 1358, 1270. 'H NMR (600 MHz, CDCls): § (ppm) 8.45 (s, 1H), 8.22 (d, 1H, J
=7.8 Hz), 8.11 (bs, 1H), 8.02 (t, 1H, J = 7.8/7.2 Hz), 7.70 (s, 2H), 7.61 (t, 2H, J = 8.4 Hz),
7.48 (t, 1H,J=7.8 Hz), 7.22 (t, 1H, J = 7.2 Hz), 5.75 (s, 1H), 4.40 (t, 2H, J = 7.2 Hz), 1.76
(9, 2H, J = 7.2 Hz), 1.29-1.18 (m, 6H), 0.79 (t, 3H, J = 7.2 Hz). *C NMR (150 MHz,
DMSO-d6): & (ppm) 149.83, 148.02, 146.60, 140.50, 140.05, 137.07, 133.08, 126.46,
126.21, 125.58, 123.83, 122.93, 122.43, 122.03, 121.41, 120.94, 120.62, 119.18, 118.63,
109.62, 42.40, 30.98, 28.50, 26.13, 22.02, 13.84. °F NMR (565 MHz, CDCls): § (ppm)
~139.70 (d, 1F, J = 20.3 Hz), —143.84 (d, 1F, J = 21.55 Hz). HRMS (ESI) m/z: [M + H]*
calcd for CagH2sF2N202 459.1884, found 459.1876.

2.4.3 Fabrication of solar cell

The TiO2 photoelectrodes were prepared by following the previously reported
process.® In brief, a transparent layer of TiO2 with a thickness of 12 um was used as a
photoanode. A TCO glass substrate on deposition of TiO2 blocking (ethanolic titanium
tetraisopropoxide) layer was calcined in a tubular furnace at 450 °C for 10 min. Then, ethyl
cellulose and a-terpineol were dispersed to make a paste and the film was prepared by
doctor blade method on the prepared TiO: thin film as the TCO blocking layer. The
electrode was cooled to 60 °C and soaked into various sensitizer solutions (20 mM in
dichloromethane and ethanol mixture) for 24 h. The counter electrode was prepared by a
spin coating method using Pt salt (50 mM H2PtCle solution in IPA) and the electrode was
calcined at 450 °C for 10 min. DSSC was assembled in a sandwich type configuration and
sealed. The electrolyte consisted of 0.6 M BMImI (1-butyl-3-methylimidazolium iodide),
0.03 M iodine and 0.5 M 4-tert-butyl pyridine. 0.1 M guanidium thiocyanate (GUSCN) in
3-methoxy propionitrile was inserted through the predrilled holes onto the counter
electrodes. The devices were stored in the dark for 24 h prior to the photovoltaic

measurements.
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244  Characterization

'H, 3C and '°F NMR spectra were recorded on a Varian AS400 (400 MHz) or Brucker
Ascend 600 (600 MHz) spectrometers, using solvent CDCls or DMSO-d6. HRMS spectra
were recorded on a Waters (Micro mass MSTechnologies) Q-Tof MS Analyzer
spectrometer. The UV-vis absorption spectra for solution were recorded on a Perkin-Elmer
Lambda 35 spectrometer and that for film/dye coated TiO> films on a Perkin-Elmer Lambda
75 spectrometer. Electrochemical measurements were carried out using a CH Instruments
760D electrochemical workstation at a scan rate of 50 mV s™. A three-electrode cell with
platinum wire counter electrode, glassy carbon working electrode and Ag/Ag+ reference
electrode was employed. Tetrabutylammonium hexafluorophosphate (0.1 M) in acetonitrile
was used as supporting electrolyte and Fc*/Fc couple was used as internal reference. A thin
film was casted from 10 pL, 1 mM solution of dye in DCM on the working electrode and
the measurements were performed at room temperature under inert atmosphere. Time-
resolved fluorescence studies were performed using an Edinburgh Life Spec Il instrument.
Veeco Dektak 150 Surface Profilometer was used for the measurement of the TiO2 film
thickness. Oriel Sol 3A solar simulator from Newport, with a 500 W xenon lamp, connected
to AM 1.5 Globe filter and a Keithley-2400 digital source meter was used for IV
measurements. A Solartron 1287 gain phase analyzer was used for Impedance
Spectroscopy (EIS) measurements and analysis was performed by sweeping frequency
from 120 KHz to 0.1Hz in dark condition under a bias of -0.65V DC with a small AC
perturbation (10 mV). Open-circuit voltage decay (OCVD) and Tafel polarization plot were
obtained using a Solartron electrochemical analyzer by sweeping potential +0.65 in dark
with 25mV s! scan rate. IPCE measurement was carried out on Optosolar SR 300, Gemany,
where a 250 W xenon lamp was used as the light source. Electronic distribution of frontier
molecular orbitals was investigated in Gaussian 09 software package. Calculations were
carried out using Density functional theory (DFT) with B3LYP/6-31G(d,p) level.
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Appendix A: Additional data for chapter 2
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Figure A-1: Optimized structure of dyes showing dihedral angles.
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Figure A-2: J-V characteristics curve of DSSC device fabricated using N719 dye.
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Figure A-3: *H NMR of 4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2a).
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Figure A-4: 3C NMR of 4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2a).
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Figure A-5: HRMS (ESI) of 4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2a).
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Figure A-6: *H NMR of 2-cyano-3-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAOF).
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Figure A-7: 3C NMR of 2-cyano-3-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAOF).
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Figure A-8: HRMS (ESI) of 2-cyano-3-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAOF).
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Figure A-9: 'H NMR of 3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2c).
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Figure A-10: 3C NMR of 3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2c).
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Figure A-11: *F NMR of 3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2c).
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Figure A-12: HRMS (ESI) of 3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2c).
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Figure A-13: 'H NMR of 2-cyano-3-(3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAL1F-m).
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Figure A-14: 3C NMR of 2-cyano-3-(3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MA1F-m).
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Figure A-15: *F NMR of 2-cyano-3-(3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MA1F-m).
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Figure A-16: HRMS (ESI) of 2-cyano-3-(3-fluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAL1F-
m).
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Figure A-17: *H NMR of 2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2d).
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Figure A-18: 3C NMR of 2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2d).
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Figure A-19: F NMR of 2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2d).
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Figure A-20: HRMS (ESI) of 2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)benzaldehyde (2d).
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Figure A-21: 'H NMR of 2-cyano-3-(2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAZ2F).
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Figure A-22: 3C NMR of 2-cyano-3-(2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid
(MAZF).
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Figure A-23: *F NMR of 2-cyano-3-(2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid (MAZ2F).
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Figure A-24: HRMS (ESI) of 2-cyano-3-(2,3-difluoro-4-(9-hexyl-9H-carbazol-3-yl)phenyl)acrylic acid
(MA2F).
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CHAPTER

Effect of Mono- and Di-anchoring Dyes
Based on o,m-difluoro  Substituted
Phenylene Spacer in Liquid and Solid State
Dye Sensitized Solar Cells

Raju, T. B.; Vaghasiya, J. V.; Afroz, M. A.; Soni, S. S.; lyer, P. K. Dyes Pigm. 2020, 174, 108021, DOI:
10.1016/j.dyepig.2019.108021.
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Abstract

Novel mono- and di-anchoring organic dyes have been designed and synthesized with
o,m-difluoro substituted phenylene spacer and were tested for DSSCs in presence of solid-
state (SJE-4) as well as liquid (BMIml) electrolytes. The new and simple structures of Cz-
D1 and Cz-D2 dyes have same carbazole donor unit with either one or two side substitution
of o,m-difluoro substituted phenylene m-spacer and cyanoacrylic acid acceptor. The
photophysical and electrochemical properties of photosensitizes are investigated in detail
and correlated with the solar cell performance. The Cz-D2 dye have =20% higher device
efficiency than Cz-D1 due to its lower LUMO level, and presence of two acceptor groups
which provide efficient electron extraction from carbazole donor, lesser aggregation, high
molar extinction coefficient and better charge transfer. Without using any additive, Cz-D2
exhibited an attractive power conversion efficiency (PCE) of 5.35% (Jsc = 10.38 mA cm?,
Voc =0.750 V and FF = 0.60) in presence of iodide redox electrolyte. These dyes exhibited
comparatively less efficiency when used to fabricate a solid-state dye sensitized solar cell
in presence of SJE-4 electrolyte due to aggregation between fluorine substituted phenylene
spacer and electrolyte through strong H-bonding that might cause more electron

recombination/back electron transfer. Good stability was also observed for both the dyes.
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3.1 Introduction

Extensive efforts to improve every component of DSSC to achieve higher PCE have
been made over the years. To date, highest PCE of >12% has been achieved with porphyrin
and Ru based dyes in presence of liquid/solid electrolyte.!® However, for the large-scale
application, these dyes are not favorable due to high cost of “Ru” metal, tedious separation
process, low molar-extinction coefficients and environmental issues.® Recently, scientists
have paid attention on metal-free organic dyes due to their low cost, simple preparation,
easy purification, high molar-extinction coefficients and environmental friendliness. The
advantage of structural diversity in metal-free organic dyes allows easy tuning of optical
and electrochemical properties. Although a decent PCE of ~14% has been achieved with
metal-free dyes,’ investigation of novel organic dyes is still challenging and desirable to

overcome the energy crisis.

The PCE and stability of a DSSC can be enhanced by controlling the light harvesting,
charge recombination, dye regeneration, and electron injection properties of the dye® and
these factors are strongly associated with the dye structure. Planar units with large
conjugation were utilized in the dye structure to improve its light harvesting ability and
achieve high absorption.®*° Charge recombination with the electrolyte was curtailed by
incorporating bulky group or alkyl chains on the dye molecule which prevents the direct

contact of electrolyte with the TiO> surface.!* Co-adsorbents such as deoxycholic acid

(i)
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Figure 3.1: Synthetic route of organic sensitizers (i) NBS, THF, 12h, (ii) 2,3-Difluoro-4-
formylphenylboronic acid, Pd(PPhs)s, K.COs, THF:H20 =2:1, Aliquat, 85 °C, 18 h (iii) Cyanoacetic acid,
Piperidine, CHsCN, 85 °C, 8 h.
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(DCA) and chenodeoxycholic acid (CDCA) are being used as anti-aggregation agents to
suppress dye aggregation over the surface of TiO..1>*® Considering these points, new
metal-free organic sensitizers can be designed to achieve high efficiency and stability in
DSSCs.

Herein, two new o,m-di fluoro substituted phenylene spacer dyes with mono- and di-
anchoring groups have been synthesized. The new and simple structure of Cz-D1 and Cz-
D2 dyes have same carbazole donor unit, 0,m-difluoro substituted phenylene n-spacer and
cyanoacrylic acid as acceptor, and only variation is presence of mono- and di-anchors,
respectively (Figure 3.1). Fluorine (F) atom was incorporated into n—bridge due to its
capability to tune the molecular energy levels (lowering the LUMO level), and improve the
electron mobility.**" Linear octyl chain on carbazole moiety was used for the better
suppression of dye aggregation on metal oxide surface (TiO>). It is clear from previous
reports that carbazole is the best donor in simple D-n-A dyes with ortho/meta-F substituted
phenylene spacer.5® The planarity of backbone in carbazole based dyes improves charge
transfer from donor(D) to acceptor (A), results in high molar extinction coefficients (€) and
long lifetime values. The molecular properties of the newly synthesized dyes were
extensively studied and correlated with the photovoltaic performance for both liquid as well
as solid state DSSCs (ss-DSSCs). Further, electrochemical impedance spectroscopy (EIS)
measurements were used to estimate carrier transport and interfacial charge recombination

in the solar cell devices.

3.2 Results and Discussion

Figure 3.2 displays the photophysical properties of Cz-D1 and Cz-D2 dyes in
chloroform solution as well as on TiO> film and the corresponding characteristic data are
summarized in Table 3.1. Both the dyes exhibited two strong distinct absorption bands in
CHCIs solution in the range of 200-350 nm. These peaks correspond to the localized
aromatic m-n* transitions of conjugated back bone. Cz-D1 exhibited a weak absorption
band in the range of 350-500 nm which is related to the intramolecular charge transfer
(ICT) from D to A. Compared to Cz-D1, di-anchor dye Cz-D2 exhibited strong ICT peak
as both acceptor units help in efficient electron extraction from carbazole donor and reduces
H-aggregation in solution and solid state. Cz-D1 has strong aggregation in CHCIz and on
TiO> surface due to the close packing, generally observed in mono-anchoring dyes. Cz-D1

dye has maximum absorption peaks at 239, 288 nm and Cz-D2 dye has maximum
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Figure 3.2: Absorption spectra of photosensitizers Cz-D1 and Cz-D2 in CHCI; solution (a) and on
nanocrystalline TiO; film (b).

absorption peaks at 253, 290 nm. The absorption spectrum of Cz-D2 dye is slightly red
shifted in solution as well as in solid state due to increased effective m-conjugation length
and reduced aggregation. The molar absorption coefficient at Amax for Cz-D1 and Cz-D2
were 22,000 M tecm™ (398 nm) and 30,000 M*cm™ (401 nm), respectively. The red shift
in the absorption and superior molar absorption coefficient resulted in better efficiency of
Cz-D2.

Energy levels (HOMO-LUMO) of dyes were investigated by cyclic voltammetry (CV)
and the results are shown in Figure 3.3(a) and relevant data are listed in Table 3.1. HOMO
level of the photosensitizers were calculated from onset oxidation potential of dyes with
Fc/Fc™ as internal standards (4.8 eV reference energy levels) using Enomo = —[(Eox-
E1n(ferrocene)) + 4.8] eV formula. Notably, the HOMO level of Cz-D1 and Cz-D2

corresponding to their first onset oxidation potential (Eox = 1.13 V) is at same energy level

Table 3.1: Photophysical, electrochemical and life time properties of carbazole based dyes.

D Solution )Lmax Fllm )\,max smax HOMO LU MO
e

Y (nm)2 (nm)® (Micm®d (eVv)© (eVv)©
Cz-D1 239, 288, 398 417 22,000 -5.82 -3.13
Cz-D2 253, 290, 401 453 30,000 -5.82 -3.27

aMaximum absorption wavelength of dyes in chloroform solution.
®Maximum absorption wavelength of dyes that were absorbed onto the TiO> films.

®Onset potentials from CV measurements of thin films in 0.1 M BusNPF¢/CH3CN solution, estimated from
Enomo = -[(E0X-Ex/2(ferrocene)) + 4.8] €V and ELumo = Eg calculated using onset of UV (TiO; film)—Enomo.
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Figure 3.3: (a) Cyclic voltammograms and, (b) Energy level diagram of Photosensitizers compared to the
energy levels of TiO and electrolytes including Frontier molecular orbital of the designed dyes obtained from
DFT calculations.

of —5.82 eV as same carbazole donor unit is present in both the dyes. The oxidation
potential of all photosensitizers versus normal hydrogen electrode (V vs NHE) is more
positive than the redox potential of electrolytes, indicating that thermodynamically
favorable oxidized photosensitizers can regenerate effectively. The LUMO level of
photosensitizers was calculated from the onset absorption spectra of dyes (ELumo=Eg —
Enomo), and are —3.13, and —3.27 eV for Cz-D1 and Cz-D2 dyes, respectively. The LUMO
level of Cz-D2 dye is lower than Cz-D1 dye due to the increased acceptor ability. These
values are above the conduction band (CB) of the TiO> electrode, which is necessary for
sufficient driving force to inject the electrons from light-oxidized dye to CB of
nanocrystalline TiOz surface. Based on the CV results, Figure 3.3(b) illustrates the energy
level diagram of dyes. It is clear that the LUMO of Cz-D2 dye matches well with the
conduction band of TiO> and HOMO matches well with the potential of redox electrolyte

(Liquid and SJE-4 electrolyte); this improves Jsc and results in high PCE.

The electronic distribution of frontier molecular orbitals (HOMO, LUMO) of dyes
were calculated by density functional theory (DFT) using B3LYP/6-31G(d,p) level for
optimization of dye molecules. The results of computational analysis are presented in
Figure 3.3(b). The performance of dyes depends on planarity of backbone and charge
transfer from D to A. Moreover, the acceptor moiety and length of alkyl chain also affects

the dye performance. In Cz-D1 and Cz-Ds2 dyes, HOMO levels are mainly located on

TH-2267_136122028



70 | Development of New Materials and Methods for Dye-Sensitized and Perovskite Solar Cells

donor segment and strongly distributed into spacer moiety whereas the LUMO levels are
mainly located on acceptor and spacer unit. These results reveal that the better performance
of Cz-D2 dye might be due to the well separated HOMO and LUMO orbitals on the donor
and acceptor parts, respectively. Proper separation of HOMO and LUMO orbitals is an

advantage for charge migration from D to A in photo excited state of dye.

The DSSC devices were fabricated using Cz-D1 and Cz-D2 sensitizers with
nanocrystalline TiO> anatase semiconductor as the photoanode. The DSSCs device
performance parameters, such as short-circuit current density (Jsc), fill factor (FF), open-
circuit photovoltage (Voc), and power conversion efficiency (PCE), were measured under
100 mW cm™ (AM 1.5) illumination, and are depicted in Table 3.2. The DSSCs based on
Cz-D2, which has bis o,m-difluoro substituted phenylene spacer and two anchoring units
(-CNCH,COOH), features Jsc and Voc values of 10.20 mA cm™ and 0.707 V, respectively.
The PCE was calculated to be 5.20% using the equation: PCE = (Pmax/Pin) x 100. In
difference, the cell based on Cz-D1, which has single phenylene spacer and -
CNCH2COOH group, has a lower Jsc value of 7.78 mA cm™ (Figure 3.4(a)).
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Figure 3.4: (a) J-V characteristics of DSSCs based on the liquid electrolyte and (b) corresponding IPCE
spectra and integral current density. (c) J-V characteristics of DSSCs based on the solid electrolyte and (d)
corresponding IPCE spectra and integral current density.
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To confirm the different Jsc results between Cz-D1 and Cz-D2, the IPCE values, which
usually depend on charge collection, light harvesting, and electron injection efficiencies
were measured. Figure 3.4(b) shows the IPCE intensity curves as a function of the incident
light wavelength for the DSSCs based on the new organic sensitizers on nanocrystalline
TiO2 photoanode. Both devices can efficiently convert the light into current in the range of
350-550 nm. The DSSCs containing Cz-D2 sensitizer-based device exhibited a broad and
higher IPCE of 66% in the range of 350—650 nm, while the Cz-D1 sensitizer-based device
shown blue-shift and lower IPCE of 54% in the range of 350-630 nm. The higher
percentage of IPCE was observed for the sensitizer Cz-D2, which is due to its better light
harvesting capacity and broad absorption in the visible region. The changes of IPCE curves
are consistent with the trend of the absorption spectra on the nanocrystalline TiO>
photoanode (Figure 3.2(b)). In Cz-D2 dye based device the Jsc and Voc are improved upon
substitution of the second o,m-difluoro substituted phenylene spacer and acceptor groups.
It has a higher PCE because the D-(n-A). system of carbazole based dye has a positive
effect on IPCE curve and dye loading on TiO> photoanode surface (¢) compared with that
of Cz-D1 having one phenylene spacer and acceptor unit. The € value of Cz-D1 and Cz-D2
were 0.74 x 107® and 1.23 x 108 mol™* cm™ respectively. The reason for higher loading of
Cz-D2 is its better electronic coupling with the TiO> matrix due to the presence of two

carboxylic acceptor groups.

Under similar condition, ss-DSSCs with Cz-D1 and Cz-D2 dyes and solid organic

ionic conductors SJE-4 were also fabricated. The photovoltaic measurement was performed

Table 3.2: Photovoltaic parameters of DSSCs with solid and liquid electrolytes.?

Photovoltaic CalI Cz-D2

parameters

A B A B

Jsc(MAcm?)  7.78+(0.12)  6.22+(0.20)  10.2+(0.18)  8.74 +(0.25)

Voc (V) 0.690 £(0.05)  0.658 +(0.06)  0.707 (0.05)  0.691+ (0.10)
FF (%) 58.0 +(1.0) 55.0 +(1.2) 59.2+(1.0)  55.0%(L5)
PCE (%) 3.95+(0.20)  2.60+(0.22)  520+(0.15)  4.02 +(0.30)

3performances of DSSCs were measured with 0.20 cm? working area (measurements were performed under
AM 1.5, 100mW cm-? irradiation). Jsc (MA cm2): short-circuit current, Vqc (V): open circuit voltage, FF (%):
fill factor and PCE (%): Photo conversion efficiency, A and B indicates liquid-state and solid-state electrolyte
based DSSCs, respectively.
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at a light intensity of 100 mW cm™. The results of ss-DSSCs are depicted in Figure 3.4(c)
and the corresponding photovoltaic parameters are presented in Table 3.2. A maximum
PCE of 4.02% with Jsc of 8.74 mA cm™ and Voc of 0.691 V were obtained for the Cz-D2
sensitizer based ss-DSSCs. It can be noted that reduced Jsc and Voc values compared with
liquid based electrolyte were obtained, and same trend was also observed in IPCE spectra
(Figure 3.4(d)). The enhanced Voc value (in liquid electrolyte) may be explained in terms
of the reduction in the back-electron transfer from the nanocrystalline TiO2 conduction
band to the triiodide ions in the electrolyte.r® Moreover, liquid electrolyte has easy
penetration in porous TiO2 matrix and had better interfacial contact compared to solid
electrolyte. In ss-DSSCs, reduced Jsc was obtained because of low ion transfer via hopping
or in other words Grotthuss mechanism rate is slightly lower than liquid based
electrolytes.?22 Also, pore filling and interface connectivity of solid electrolyte might be
low with TiO2 and counter electrode, leading to a decrease in fill factors and loss of
photocurrent. But the long-term stability of solid-state electrolytes is superior compared to
liquid electrolyte based DSSCs. Liquid electrolytes have many drawbacks such as; (i) it
contains highly volatile organic solvents, (ii) the organic sensitizer bound over TiO>
surface, after coming in contact with liquid electrolytes start desorbing, (iii) liquid

electrolyte is corrosive in nature, and (iv) leakage problem, etc.>?3?* Figure 3.5 shows the
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Figure 3.5: Devices stability curve: PCE as a function of time.
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stability analysis of liquid and solid electrolyte based DSSCs. To show the stability of the
solid organic ionic conductor electrolyte, compared to the liquid electrolyte, a comparison
is carried out for four devices (two devices for each dye) fabricated and sealed in the same
procedure, except one was filled with solid electrolyte and the other with liquid electrolyte.
The PCEs were measured at an interval of 5 days, and after 25 days the liquid-electrolyte
based devices displayed that most of its electrolyte in the device was evaporated, whereas
the solid-electrolyte based device retained its electrolyte and the PCE was almost
unchanged. In Figure 3.5 the PCE as a function of time are illustrated for a period of 25

days, and found that the ss-DSSCs show excellent stability.

The EIS technique was used to study the internal resistance, interfacial properties and
charge transfer kinetics of nanocrystalline TiO- layers in DSSCs.»>%° EIS spectra were
measured in dark condition using electrochemical workstation (CHI660E, CH instruments,
USA). Figure 3.6(a) shows the Nyquist plots of solid and liquid electrolytes based DSSCs.
The EIS spectra can be interpreted by fitting it using equivalent circuit (the fitting data are
listed in Table 3.3). Each equivalent circuit consisted of several components as shown in
inset of Figure 3.6(a): Interfacial resistance (Rpt) of electron transfer at Pt/electrolyte
interface, recombination resistance (Rk) in TiO2 matrix, diffusion resistance (RD) in
electrolyte and constant phase element (CPE-P), the value of CPE-P is associated with the
surface roughness and porosity of the photoelectrode.®27-2® Nyquist spectra of the DSSCs
showed three semicircles: 1% high frequency region, represents Ry; 2" mid frequency
region, represent Rk and 3 lower frequency region, represent RD. As shown in Table 3.3,
Rpt of the DSSCs with liquid electrolyte is lower compared to solid electrolytes. However,

Rk was higher for Cz-D2 sensitizer with solid and liquid-electrolytes based devices,

Table 3.3: Electrochemical parameters of DSSC with liquid and solid electrolyte.

Device  State of the Ree  Re CPE-P 1 0a o Jo
Electrolyte () (@)  (%)* (ms)* (mV/decade)® (mV/decade)® (nA cm?)P
Cz-D1 Liquid 209 229 65  0.83 1455 235.4 0.69
Cz-D2 Liquid 219 323 69  1.68 1156 220.0 0.82
Cz-D1 Solid 251 210 70  0.80 122.4 259.5 0.21
Cz-D2 Solid 246 265 70 1.15 1154 308.3 0.32

aElectrochemical Impedance spectroscopy, PData obtain from Tafel polarisation curve.
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Figure 3.6: (a) Nyquist plots for the fabricated DSSCs based on solid and liquid electrolytes with Cz-D1 and
Cz-D2 sensitizers in the dark at Voc (0.65 V). (b) Tafel polarization study of the solid and liquid electrolytes
based DSSCs fabricated using new dyes.

compared to Cz-D1 sensitizer-based devices. The electron lifetime (te) of Cz-D2 is also
higher in both solid and liquid electrolytes, while a shift of low frequency (mid)

corresponds to a longer te and is subjected to a higher value of Voc.

Tafel polarization measurement was used to study the interfacial charge transfer
properties of the electrolytes on the nanocrystalline TiO2 matrix. 2° As discussed in previous
reports, 83031 the rates of anodic (0a) and cathodic (ac) reactions at the TiO:
photoanode/redox mediator interface can be described by the equation 3.1 (the Butler

Volmer Equation).3>34

acnF agnF

j=—Jo(exp SR (B - Eeg) — (exp™=(E—Eq)  (3)

Where Eeq is the equilibrium potential of I/I3~ electrolyte, Jo is the current exchange
density and E is the applied voltage. In dark condition the equation simplifies to J=Jo as E
becomes Eeq, also Jo depends on the concentrations of redox couple in the electrolyte and
reaction area on the TiO; surface. In Figure 3.6(b), Tafel analysis is illustrated which gives
an insight into the electrode kinetics of DSSCs based on the solid and liquid electrolytes.
In liquid electrolyte system, the Jo for the I"/ls~ redox couple at the TiOz/electrolyte
interface was about 0.69 nA cm (Cz-D1) and 0.82nA cm™ (Cz-D2). It is much higher
than that of the DSSCs based on the solid-state electrolyte (Table 3.3).

The solid electrolyte resulted in a decrease of Jo which increased the charge transfer
resistance at electrolyte/TiO, surface. Lower oc slope value was found in the liquid
electrolyte based DSSCs as shown in Figure 3.6(b) and Table 3.3. These ac slope value
(lower than solid electrolyte), close to 235 mV decade™ (Cz-D1) and 220 mV decade™ (Cz-
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D2), corresponds to the recombination reaction at the sensitized TiO2 photoanode/l /13~
electrolyte interface between electrons from the CB of titania and triiodide in the liquid
electrolyte. The reduced oc slope indicates an enhanced reaction of the triiodide at the

sensitized TiO2 photoanode/l /13~ electrolyte interface.

3.3 Conclusions

In conclusion, we have developed o,m-difluoro substituted phenylene spacer and
carbazole based dyes Cz-D1 and Cz-D2, consisting mono- and di-anchoring groups. Both
dyes exhibited interesting optical, electrochemical and photovoltaic properties. The
absorption spectra of planar Cz-D1 dye show strong H-aggregation in solution and dye
absorbed on TiO2. Cz-D2 contain two electron acceptor groups and non-planarity ensuing
less aggregation, provide efficient electron extraction from carbazole donor, high molar
extinction coefficient, better charge transfer and lower LUMO level resulted in better
photovoltaic performance than Cz-D1, in presence of liquid (BMIml) as well as solid (SJE-
4) electrolyte systems. Without using any additives, Cz-D2 and Cz-D1 exhibited attractive
power conversion efficiency of 5.35% and 4.15%, respectively in presence of iodide redox
electrolyte. Both o,m-difluoro substituted dyes exhibited less efficiency in presence of SJE-
4 solid electrolyte system due to the aggregation between fluorine substituted phenylene
spacer and electrolyte through strong H-bonding and resulted in more electron
recombination/back electron transfer as confirmed by TD-DFT and EIS measurements.
PCE as a function of time for a period of 25 days were also recorded, the mono anchoring
Cz-D1 device exhibited better stability than di anchoring Cz-D2 in presence of both

electrolyte systems.
3.4 Experimental Section

341 Materials

All required chemicals used for the synthesis of dyes were purchased from sigma
Aldrich, TCI and were used without any further purification unless otherwise explained.
Nano-crystalline TiO2 (<20 nm, 99.8%, anatase), alpha-terpineol, ethyl cellulose, titanium
(V) propoxide, TiCls, BMImI and tert-butyl pyridine were purchased from Sigma-Aldrich
(India) and used as received. Acetonitrile and ethanol were purified using the standard
process. Fluorine tin oxide glass (FTO, 12 Q o', Solaronix, SA, Switzerland) and sealing

materials (Meltronix tape, thickness 60 um) were used for the fabrication of the DSSC
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device. The alkylation and bromination of carbazole were done according to the published

literature procedure.5®

3.4.2  Synthesis

The synthetic procedures of two dyes (Cz-D1, Cz-D2) are shown in Figure 3.1. By
using Suzuki coupling reaction, CZ-PhF2-CHO and Cz-2PhF2-CHO were synthesized.
The final step to synthesize new dyes (Cz-D1, Cz-D2) was performed by using
Knoevenagel condensation reaction method. All the necessary products were purified by
column chromatography, characterized by NMR (*H, $3C) and HRMS spectrometry (Data
presented in Appendix B, Figure B-2 to 13).

General synthetic procedure of aldehyde

Synthesis of Cz-PhF2-CHO

A 2M KoCOs solution in THF: H20 (2:1) was added to the mixture of 3-bromo-9-
octyl-9H-carbazole (0.2 mmol) and 2,3-Difluoro-4-formylphenylboronic acid (0.3 mmol)
then degassed properly. Finally, in presence of argon, Pd(PPh3) (2 mol%) was added and
heated to 85 °C for 18 h. Then the solution was evaporated under reduced pressure. The
extracted compound was washed with chloroform and aqueous brine solution. Finally,
organic part was dried with anhydrous MgSOs. The desired product was purified by column

chromatography (silica gel, EtOAc-hexane 1:2 as eluent).

Synthesis of Cz-2PhF2-CHO

In a clean reaction flask 3,6-dibromo-9-octyl-9H-carbazole (0.2 mmol) and 2,3-
Difluoro-4-formylphenylboronic acid (0.5 mmol) taken. Then, 2 M K>COs solution in
THF: H20 (2:1) was added to the reaction mixture. Finally, in presence of argon, Pd(PPh3)4
(2 mol%) was added and heated to 85 °C for 18 h. Then the solution was evaporated under
reduced pressure. The extracted compound was washed with chloroform and aqueous brine
solution. Finally, organic part was dried with anhydrous MgSQOa. The desired product was

purified by column chromatography (silica gel, EtOAc-hexane 1:2 as eluent).
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General synthetic procedure of dyes

Synthesis of Cz-D1

The solution of acetonitrile: chloroform (2:1) was added to the mixture of Cz-PhF2-
CHO (0.2 mmol) and cyanoacetic acid (0.3 mmol) and degassed it thoroughly. Finally, in
presence of argon atmosphere the piperidine (catalytic amount) was added into the solution.
Then the solution was refluxed for 18 h. After cooling to RT, the solution was evaporated
under reduced pressure. Extracted compound was washed with chloroform and 0.1 M aq.
HCI. Then the organic part was dried with MgSOa4. The product was purified by
conventional column chromatography (silica gel, EtOAc -hexane 1:2 as eluent) and it was
obtained as a yellow-orange solid.

Synthesis of Cz-D2

The solution of acetonitrile: chloroform (2:1) was added to the mixture of Cz-2PhF2-
CHO (0.2 mmol) and cyanoacetic acid (0.5 mmol) and degassed it thoroughly. Finally, in
presence of argon atmosphere the piperidine (catalytic amount) was added into the solution.
Then the solution was refluxed for 18 h. After cooling to RT, the solution was evaporated
under reduced pressure. Extracted compound was washed with chloroform and 0.1 M aq.
HCI. Then the organic part was dried with MgSO4. The product was purified by
conventional column chromatography (silica gel, EtOAc -hexane 1:2 as eluent) and it was

obtained as a yellow-orange solid.
2,3-Difluoro-4-(9-octyl-9H-carbazol-3-yl)benzaldehyde [Cz-PhF2-CHO]

Yield = 70%, 'H NMR (400 MHz, CDCls): § (ppm) 10.37 (s, 1H), 8.33 (s, 1H), 8.15—
8.13 (d, 1H), 7.71-7.69 (t, 3H), 7.53-7.50 (t, 2H), 7.49-7.44 (m, 3H), 7.30-7.27 (d, 1H),
4.33 (t, 2H) 1.91-1.89 (t, 2H), 1.42-1.32 (m, 5H), 1.30-1.24 (m, 9H), 0.89-0.86 (t, 3H).
13C NMR (100 MHz, CDCls): 5 (ppm) 186.14, 154.73, 152.88, 149.15, 146.89, 141.12,
140.93, 138.34, 126.65, 126.48, 125.65, 121.33, 120.70, 119.64, 109.27, 109.17, 43.47,
31.99, 29.56, 29.37, 29.19, 27.51, 22.80, 14.26. HRMS (ESI) m/z: [M+Na]* calcd for
CarHasF2NO 420.2139, found 420.2123.

4,4'-(9-octyl-9H-carbazole-3,6-diyl)bis(2,3-difluoro benzaldehyde) [Cz-2PhF2-CHO]

Yield = 68%, 'H NMR (400 MHz, CDCls): § (ppm) 10.37 (s, 1H), 8.37 (s, 1H), 7.75—
7.64 (M, 4H), 7.56-7.53 (d, 2H), 7.48-7.46 (m, 4H), 4.37 (t, 2H) 1.94-1.92 (t, 2H), 1.56 (t,
1H), 1.44-1.25 (m, 9H), 0.89-0.84 (t, 3H). 23C NMR (100 MHz, CDCls): § (ppm) 186.13,
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141.39, 137.31, 132.32, 128.79, 128.71, 127.34, 125.66, 123.31, 123.06, 121.51, 114.13,
109.61, 43.69, 31.96, 29.89, 29.54, 29.35, 27.49, 22.78, 14.24, 14.26. HRMS (ESI) m/z:
[M]" calcd for CaaH29FsNO2 559.2134, found 559.2141.

(Z2)-2-Cyano-3-(2,3-difluoro-4-(9-octyl-9H-carbazol-3-yl)phenyl)acrylic acid [Cz-D1]

Yield = 73%, *H NMR (400 MHz, DMSO- d6): & (ppm) 8.86-8.42 (d, 2H), 8.30 (s,
1H), 8.24-8.22 (d, 2H), 8.10 (S, 2H), 8.02 (s, 1H), 7.71-7.70 (m, 4H), 7.62.7.61 (m, 6H),
7.56-7.48 (m, 7TH), 7.23 (m, 3H), 4.41 (t, 2H), 1.57 (m, 5H), 1.33-1.15 (t, 6H), 0.84-0.78
(m, 4H), 1.30-1.24 (m, 9H), 0.89-0.86 (t, 3H). 3C NMR (150 MHz, DMSO- d6): § (ppm)
149.54, 148.03, 146.33, 140.51, 140.06, 136.79, 133.09, 126.47, 126.22, 125.59, 123.84,
122.94, 122.44, 122.04, 121.42, 120.95, 120.63, 119.19, 118.64, 109.58, 50.91, 30.99,
28.51, 27.22, 26.14, 24.16, 22.03, 13.85. HRMS (ESI) m/z: [M—H]- calcd for
CaoHzsF2N202 485.2041, found 485.2031.

(2Z.,2'E)-3,3'-((9-octyl-9H-carbazole-3,6-diyl)bis(2,3-difluoro-4,1-phenylene))bis(2-
cyanoacrylic acid) [Cz-D2]

Yield = 68%, 'H NMR (400 MHz, CDCls): & (ppm) 8.32-8.18 (m, 2H), 7.92 (s, 1H),
7.75-7.68 (m, 3H), 7.56-7.40 (m, 3H), 7.17-7.10 (d, 2H). 3C NMR (100 MHz, CDCls): &
(ppm) 149.10, 146.82, 140.39, 133.99, 132.19, 128.92, 126.29, 122.99, 122.73, 121.16,
120.68, 117.88, 117.06, 114.29, 109.39, 108.64, 51.17, 31.91, 29.88, 29.15, 27.32, 26.57,
22.74, 14.23. MALDI-TOF m/z: [M —2H]" caled for CaoHaiFaN3O. 691.6696, found
691.6610.

3.4.3  Preparation of electrolytes

The electrolyte contains solid organic ionic conductor (SJE-4, Figure B-1), iodide
source (BMImlI), iodine and TBP (tert-butyl pyridine). The molar proportion of
composition was usually 0.03 (SJE-4): 0.04 (BMImI): 0.05 (12): 0.5 (TBP). All components

were mixed in acetonitrile solvent.

344 Fabrication of DSSCs

The preparation of TiO2 photoelectrode was done as per our previously reported
method.®*8 The dye solar cells were assembled by placing a Pt-coated FTO on the (Cz-D1
& Cz-D2) dyes sensitized TiO2 photo-electrode using a hot-melt Surlyn film. A solution of
electrolytes in acetonitrile was injected into the interior space of the device from the

predrilled holes on the Pt-based counter electrode and sealed using epoxy resin. In solid
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state devices the same procedure was followed and after filling the electrolyte, devices were
kept in a vacuum oven at 50 °C for at least 6 h to remove the organic solvent. The same
process was repeated three times to ensure that the TiO2 porous film was filled with a
compact layer of the SJE-4. The active area of all DSSC devices was 0.20 cm?.

3.45 Characterization

'H and **C NMR spectra were recorded on Varian AS-400 MHz or Bruker Ascend 600
MHz spectrometer with TMS as internal standard using CDClz or DMSO-ds solvent with
chemical shifts reported in ppm. MALDI-TOF-MS experiment was performed on AB
SCIEX, U.S.A. instrument with a 4800 plus MALDI TOF/TOF Analyzer. The UV-vis
absorption spectra and PL spectra experiments were done in Perkin-Elmer Model lambda-
750 UV-Vis spectrometer and Horiba Fluoromax-4 spectro-fluorometer respectively. High
resolution mass spectrometry (HRMS) was performed using Q-Tof MS analyzer
spectrometer. Cyclic Voltammetry (CV) was performed on CH instruments 611D model
with three standard electrochemical cells. Thin film of dyes was coated on glassy carbon
electrode, it was used as a working electrode, Ag/Ag* electrode as the reference and Pt wire
for counter electrode. 0.1 M tetrabutyl ammonium hexaflurophosphate (TBAPFs) was used
as supporting electrolyte dissolved in acetonitrile solvent. CV curves were standardized by
using ferrocene as the standard. The photocurrent density vs photovoltage (/—7) curves of
the DSSCs were acquired with a Keithley 2450 source meter under standard AM 1.5 solar
illuminations (solar simulator, Photoemission Tech., 80AAA) at intensity of 100 mW cm’
2, The electrochemical impedance spectra (EIS) measurement for DSSCs was performed
using electrochemical workstation (CHI660E, CH instruments, USA) under dark condition.
The spectra were performed at various forward bias voltages -0.65 V in the frequency range
100 KHz to 0.1 Hz. IPCE curves of DSSCs were measured by SR 300, Optosolar, Gemany,
where a 250 W, Xe lamp was used as the light source. Tafel polarization curves were
obtained by using CHI660E electrochemical analyzer by sweeping potential £0.60 in dark

with 10 mV s scan rate.
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Appendix B: Additional data for chapter 3

N
CeH 13

SJE-4

Figure B-1: Structure of SJE-4 electrolyte.
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Figure B-2: *H-NMR spectrum of Cz-PhF2-CHO.
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CHAPTER

Crystallization and  Grain  Growth
Regulation through Lewis Acid-Base
Adduct Formation in Hot Cast Perovskite-
based Solar Cells
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Abstract

The precise control of perovskite crystallization process that could provide smooth
films with large grains is a prerequisite for solar cell fabrication to achieve higher
efficiencies. To regulate this crystallization process and to achieve it multiple times remains
a humongous challenge. This process has been reproducibly demonstrated in this chapter
through efficient molecular exchange via a Lewis acid-base adduct formation. In this work,
a Lewis acid-base adduct approach in concurrence with hot casting technique was
employed to efficiently control the perovskite crystallization by judiciously adding
dimethyl sulfoxide (DMSO) to a precursor solution of lead iodide (Pblz) and methyl
ammonium chloride (MACI) in dimethylformamide (DMF). High quality perovskite films
were fabricated by precisely controlling the volume of DMSO which resulted in low
recombination rate and which had better light harvesting ability. Uniform films of
MAPDCIxlzx having large grain size were formed reproducibly on addition of 1.5
equivalents (eg.) DMSO to the precursor solution. Perovskite solar cells fabricated using
this solution resulted in maximum power conversion efficiency (PCE) of 14.11% with
enhanced stability as compared to the reduced PCE values obtained with other DMSO

ratios and pure DMF solution cast films.
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4.1 Introduction

During the last decade, the rapid growth of perovskite solar cells (PSCs) has become
feasible owing to the inexpensive perovskite materials, ease of fabrication, and high power
conversion efficiency (PCE).}” The organic-inorganic mixed perovskites of methyl
ammonium lead halide (MAPbX3, MA = CH3NHs*, X = I, Br™ or CI") possess outstanding
properties of an active material for photovoltaic application, such as strong absorption with
high extinction coefficient, large diffusion length and lifetime of charge carriers, and low
recombination rate along with the ability to tune its band gap and crystallinity.®!
Optimization of the methods for perovskite film formation,*2* development of new
materials for enhanced performance,®>° and flexibility of device architectures'>*® have
facilitated the PSCs to advance from an initial efficiency of 3.8 % to a certified 23.3 %'’
recently, making them the fastest growing photovoltaic technology to date. Along with
good chemical composition, smooth perovskite films with good crystallinity and large size
grains are extremely preferred for high efficiency PSCs through reduction in non-radiative
recombination sites.*® In order to improve the quality of perovskite films, some approaches
like use of different additives in perovskite precursor solution!®-2! to enhance crystallization
of perovskite films, passivation of the perovskite film??-?® and application of new methods
such as solvent annealing,?* vacuum-flash solution processing,? solvent- and vacuum free

route?® have been reported.

Modulation of the perovskite precursor solution through Lewis acid-base adduct
formation is a successful approach to obtain perovskite film with high quality both in one-
step?’?° as well as two-step methods.®®3! In this approach a Lewis acid-base adduct
intermediate is formed between lead halide (a Lewis acid) and polar aprotic solvent N,N-
dimethylformamide (DMF, a Lewis base) before conversion to the perovskite film. The
quality of perovskite film depends on the intermediate formed and can be controlled by
employing strong Lewis bases in combination with DMF. Generally used Lewis bases
having lone pairs on oxygen, nitrogen, and sulfur atoms are Dimethyl sulfoxide (DMSO),
N-methyl pyrrolidone (NMP), hexamethylphosphoramide (HMPA), urea, thiourea etc.?”31-
34 perovskite film is formed by the removal of Lewis base from the intermediate, which can
be done through solvent extraction,3 intramolecular exchange® or by annealing.3® There
are various reports where the grain size and crystallinity of the perovskite films have been

regulated by adding these bases to the precursor solution. The amount of a Lewis base to
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Figure 4.1: Schematic illustration of perovskite solar cell fabrication utilizing Lewis acid-base approach with
hot casting method. Different amount of DMSO was added to the precursor solution of Pbl,: MACI in DMF
and hot casting at 190 °C was carried out to form perovskite films.

— >
FTO/PEDOT:PSS 2. DMF

be used depends on the donor number, which in turn is a measure of electron pair donating
ability of a Lewis base.®” For a particular base, however, the optimum amount to obtain
good quality perovskite film also depends on the fabrication process of the film,2838-39
Recently, hot casting method for perovskite film formation had been reported where the
precursor solution was coated on a pre-heated substrate following single step method. This
method resulted in an excellent quality perovskite film with good crystallinity and large

grains.*

Considering these advantages, the Lewis acid base approach was combined with the
hot casting technique to control the grain growth of perovskite films by varying the amount
of DMSO carefully. Different amounts of DMSO (0.5, 1.0, 1.5, 2.0, 3.0, 4.0 equivalents
proportionate to Pblz) were mixed with the precursor solution of Pbl> and MACI in DMF
(Figure 4.1). These precursors were chosen since the beneficial role of chloride-containing
precursors has been well demonstrated previously for solar cell applications.***#? The
results of these solutions were compared with the reference solution where no DMSO was
added and the solution of precursors in pure DMSO. 1.5 eq. DMSO was found to generate
large sized grains and high-performance solar cells due to good light harvesting and slow

recombination rates.

4.2 Results and Discussion

The interactions of Lewis base, DMSO with Pbl, were investigated with the help of
FTIR transmission spectroscopy. The FTIR spectra of DMSO, DMSO + Pbl, and DMSO

+ Perovskite are presented in Figure 4.2(a). The perovskite material used in the study was
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Figure 4.2: (a) FTIR spectra of the liquid DMSO, DMSO + Pbl; (powder), and DMSO + Perovskite (powder)
(b) UV-vis spectra of perovskite films fabricated through hot casting method using different equivalents of
DMSO (pure DMF, 1.0, 1.5, 2.0 eq. of DMSO in DMF and pure DMSO) in the perovskite precursor solution.

MAPDHCIxl3x. A broad peak observed at 1045 cm™ for S-O stretching (vs-o) shifted to 1022
cm™? for DMSO + Pbl, adduct. Further shift in the vs-o to 1018 cm™ was observed for
DMSO + Perovskite adduct.?® The shift in the stretching vibration frequency confirms the
interaction between the solvent and Pbl; in adducts. The shift in vs.o from 1045 cm™ to
1022 cmt is noted for the 1:1 adduct of Pbl, and DMSO.* As the vibration frequency has
a direct relation with square root of force constant (K), the decreased vs.o indicates a
decrease in force constant, due to the reduced strength of S-O bond as a result of the adduct
formation. Thus, the stretching frequencies for adducts are shifted towards lower
wavenumber with respect to that of DMSO. The vso for DMSO + Perovskite is further
decreased as compared to DMSO + Pbl due to the better interactions with both MA* as
well as Pb," Lewis acids. This interaction results in the slow growth of perovskite crystals
and hence good crystallinity and large grain formation was expected. To evaluate the effect
of Lewis base on absorption, UV-vis absorption of the hot casted perovskite films was
performed (Figure 4.2(b)). There was an enhancement in the absorption intensity of
perovskite film with increasing amount of DMSO up to 1.5 eq., however further addition
led to reduced absorption. A negligible red shift was also observed in the absorption onset
when the perovskite film was grown with the help of DMSO. This improvement in the
absorption intensity with the incorporation of DMSO might be attributed to high-quality
perovskite films with large grains and good crystallinity. The band gap of all the perovskite
films was ~1.6 eV as obtained from absorption spectra (Figure 4.2(b)).

The perovskite film formation through Lewis adduct can be divided as: intercalation

of Lewis base into Pbl> molecule to form solvate complex, ion exchange to form perovskite,
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and dissolution-recrystallization during grain growth.?3° When DMSO was added, due to
its strong donating ability, it replaces the DMF molecules from the DMF-Pbl>-MACI
adduct. Therefore, the overall strength of Pb-O bond between the solvent and Pbl, becomes
stronger. This resulted in the slow molecular exchange between MA™ and solvent and hence
slower conversion rate to form the perovskite film. As a result of slow formation rate, large
grain size perovskites are likely to be obtained. However, larger quantities of Lewis base
would solubilize the perovskite grains in the dissolution-recrystallization step, thereby
generating films with smaller grain size.*®* The slow conversion rate of perovskite
formation could be confirmed by XRD experiment. The solvate complex films prepared
from pure DMF as well as pure DMSO were characterized by XRD (Figure 4.3(a)). The
as-cast film from DMF solution showed characteristic peaks at 6.6° and 9.6°, whereas, the
film casted from DMSO solution showed peaks at 6.6° and 9.3° respectively.*>® After 24
h, XRD experiments were repeated on the same films to realize that a new peak at 14.2°
corresponding to perovskite was observed in the case of DMF, but no such peaks could be
seen for DMSO film. This important observation confirmed that the presence of DMSO
retards the perovskite formation. Figure 4.3(b) illustrates the XRD spectra of solvate
complexes with different amount of DMSO added to the precursor solution. It can be
observed that with 0.5 eq. solution, the DMF adduct dominates over the DMSO adduct
(very small peak at 9.3%) and with 1.0 eq. solution, small amount of DMF adduct remained
in the film. With further addition, only DMSO adducts were formed. The XRD spectra of
hot casted perovskite films are illustrated in Figure 4.3(c). All the spectra showed identical
patterns with characteristic peaks of 14.2° and 28.6° for 110 and 220 planes of tetragonal
MAPDI3 respectively. Peaks at 15.6° and 32.0° correspond to the 110 and 220 planes of
MAPDCIs. Importantly no Pbl, peak was present due to the use of hot casting method,

which is highly beneficial for the improved device performance.*® The composition of the
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Figure 4.3: X-ray diffraction patterns of (a) DMF and DMSO adduct as cast and after 24 hours, (b) Adduct
films with different amount of DMSO, and (c) Hot casted perovskite films from different precursor solutions.
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Table 4.1: Composition of perovskites calculated from the XRD.

Perovskite MAPbIs/MAPBCIl;  MAPDCI; percent

DMF 3.08 245
0.5 2.80 26.3
1 3.08 245
15 3.29 23.3
2 3.15 24.1
3 2.95 25.3
4 2.86 25.9
DMSO 2.34 29.9

perovskites was also calculated from the XRD peak ratio corresponding to MAPDI3 (14.2°)
and MAPDCI3 (15.6°). No major change was realized in the percentage of MAPbClg; it
ranges from 23.3-26.3 % for films fabricated with DMF containing precursors and is
slightly higher for pure DMSO film (29.9%) (Table 4.1).

Optical microscopic characterization was performed to perceive the influence of
DMSO amount (0.5, 1.0, 1.5, 2.0, 3.0, 4.0 eqg. to that of Pbl2), when added to the precursor
solution. The precursor solutions were spin casted on the FTO/PEDOT:PSS substrates
inside a glove box and the as-casted, solvate intermediate films were analyzed by optical
microscopy. Films from pure DMF as well as pure DMSO were also prepared for
comparison. Small crystallites were observed on the film casted from pure DMF, which
grow slowly on addition of up to 1.0 eq. DMSO. Further addition of DMSO showed rod
shaped solvate complex on the film surface and it covered the entire film when 4.0 eq.
DMSO was added (Figure 4.4). These rod-shaped crystallites disappeared in the film
formed only with DMSO solution that may be because of the dissolution in excess solvent.
To understand the influence of DMSO on the grain size, the hot casted perovskite films
were then analyzed using optical microscopy (Figure 4.5(a-h)). It was observed that the
grain sizes of the perovskite films grow progressively with the addition of up to 1.5 eq.
DMSO and reduced on further addition. The initial increase in grain size is attributed to the
strong Lewis basicity of DMSO which reduced the conversion rate through the Pb-O bond

formation with lead iodide. However, DMSO quantity of more than 2.0 eq. is likely to
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Figure 4.4: Optical microscopic images of MACI-Pbl,-DMSO solvate complex films prepared using
precursor solutions in (a) pure DMF, (b-g) 0.5, 1.0, 1.5, 2.0, 3.0 & 4.0 equivalents of DMSO in DMF
respectively and (h) pure DMSO.

dissolve the grains of perovskite film in the dissolution—recrystallization step, contributing
to the grain size reduction. The average grain size was also calculated by taking the
distribution of 50 grains obtained from four different optical microscopic images. The
distribution of grain sizes is shown in Figure 4.5(i). (Their Gaussian fit is presented in
Figure C-1, Appendix C). The average grain size for perovskite film prepared from pure
DMF solution was 44 um, and with 0.5, 1.0, 1.5, 2.0, 3.0, & 4.0 eq. of DMSO added to the
precursor solution, the grain sizes were 72, 88, 154, 123, 112, & 89 um respectively. The
average grain size of perovskite film fabricated from precursor solution in pure DMSO was
65 um. This variation clearly indicated that the size of perovskite grains depended on the
amount of DMSO added to the precursor solution in DMF. The maximum grain size
obtained in our case was for 1.5 eq. of DMSO. This was further confirmed by FESEM
analysis (Figure C-2, Appendix C) and the results were comparable to the optical

microscopy. A decrease in the root mean square (RMS) roughness of the perovskite films
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Figure 4.5: Optical microscopic images of perovskite films fabricated from different precursors using hot
casting method (a) pure DMF, (b-g) 0.5, 1.0, 1.5, 2.0, 3.0 & 4.0 equivalents of DMSO in DMF respectively
and (h) pure DMSO, and (i) average grain size distribution.

were also observed in AFM topography as DMSO is added into the precursor solution
(Figure C-3, Appendix C).

To correlate the effect of DMSO on hot casting method with the solar cell performance,
solar cell devices with inverted configuration of FTO/PEDOT:PSS/MAPbI;.xClx/PCBM/AI
were fabricated and the results for best devices are demonstrated in Figure 4.6 and
corresponding parameters are listed in Table 4.2. The data showed that with the increased
amount of DMSO from 0 to 1.5 eq., the PCE enhanced from 8.65 % to 14.11 %. However,
further addition of DMSO to the precursor resulted in the decrease in its PCE. The PSCs
fabricated from 1.5 eq. DMSO outperformed other devices with short circuit current density
(Jsc) of 24.21 mA cm2, open circuit voltage (Voc) of 0.954 V, fill factor (FF) of 0.61, and
PCE of 14.11 %. The devices prepared either from pure DMF (Jsc = 18.13 mA cm 2, V¢ =
0.852 V, FF = 0.56, and PCE = 8.65 %) or pure DMSO (Jsc = 19.39 mA cm 2, Vo = 0.812
V, FF =0.45, and PCE = 7.09 %) resulted in poor performance. A statistical summary of a

series of devices is presented as box chart in Figure 4.7(a-d) and corresponding average
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Figure 4.6: J-V curves of perovskite solar cells (FTO/PEDOT:PSS/MAPbI;.«Cl,/PCBM/AI) fabricated
through Lewis acid-base adduct using hot casting method.
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Figure 4.7: Box chart showing statistical distribution of solar cell parameters of 20 devices (a) Jsc, (b) Voc,
(c) FF and (d) PCE.
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Table 4.2: J-V parameters of hot casted PSCs under AM1.5G standards.

Device Jsc Voc - Max. PCE, %
(mA cm?) (V) (Ave. PCE, %)?
DMF 18.13 0.852 0.56 8.65 (8.11 £ 0.41)
0.5 20.82 0.932 0.57 11.20 (11.02 £ 0.12)
1.0 21.48 0.941 0.60 12.13 (11.97 £ 0.27)
15 24.21 0.954 0.61 14.11 (13.50 + 0.16)
2.0 22.67 0.935 0.54 11.45(11.08 + 0.19)
3.0 20.33 0.922 0.54 10.18 (9.72 £ 0.67)
4.0 19.46 0.917 0.54 9.70 (9.24 £ 0.61)
DMSO 19.39 0812 045 7.09 (6.95 + 0.11)

aAverage PCE of 20 devices with their standard deviation given in parenthesis.

values of PCEs are listed in Table 4.2. This data also followed the same trend as best
devices. There was no significant change in the Vo value of devices (Figure 4.7(b)) as it
does not depend on the grain size if the grains are bigger than 20 um.*° The enhancement
in the PCE is mainly due to the significant improvement in the Jsc. The increase in Js is
attributed to the enhancement in the light harvesting ability and slower recombination

process.

The IPCE spectra of PSCs fabricated from pure DMF, pure DMSO, and 1.5 eq. DMSO
solutions are given in Figure 4.8(a) and the integrated Jsc values obtained from it are listed
in Table C-1, Appendix C. The IPCE spectra also shows that the PSCs fabricated from 1.5
eq. DMSO has better charge transport property than that of pure DMF or pure DMSO
devices, which was expected with the better current density obtained in the former case.
The IPCE values are lesser than expected and this inconsistency may be attributed to the
slow response of the steady state current density*’ (Figure 4.8(b)) and difference in
measurement conditions. The J-V characterization was performed inside an argon filled
glove box with a water content less than 5 ppm, whereas, the IPCE measurement was done
at ambient condition with a relative humidity of around 70%. The steady state current (SSC)
measurements were also performed by applying voltage at a maximum power point. (Figure
4.8(b)) The PSCs fabricated from 1.5 eq. DMSO solution exhibited better stabilized output

TH-2267_136122028



Chapter 4: Crystallization and Grain Growth Regulationl 101

100 — 25 .
; a) |— '
/ SN ( ) ——15 J=20.04 mA cm? ( )
80 1 T, —— DMSO 20—ttt e e o
/ \\x\ o~
, " 4\ .
X /
° 604 / \ O 151 J=13.22 mA cm?
i 4 | <
g_) / { =
Q& 40 \\ ~ 047 J=11.09 mA cm’?
\
204 \ 5 —— DMF
\\ —»—1.5
—— DMSO
0 T T T T T 0 T T T T T
400 500 600 700 800 0 50 100 150 200 250 300
Wavelength, nm Time, s
500
Z ?l\(;”: Rrec  Rhim (C) 1.0 (d)
4004 « 15 s
o 2.0 4
£ « DMSO Crec  Chun 08
£ 300 ;

o
~
L

Normalized PCE
o
[e)]

1| Annealing at 80 °C

0.2
——DMF ——15
] . — . 0 100 200 300 400 500 600 700
0 200 400 600 800 Time, min.
Z', ohm

Figure 4.8: (a) IPCE spectra of different device. (b) Steady state current analysis performed at maximum
power point, (¢) Impedance spectra with equivalent circuit diagram in inset (d) Thermal Stability of PSCs at
80 °C for DMF and with 1.5 eq DMSO device carried out inside the glovebox for different durations.

as compared to that of pure DMF or pure DMSO. Values obtained from SSC measurements
were lower than those obtained from J-V measurement, as observed widely in PSCs having
hysteresis behavior.*® Figure 4.8(c) shows the impedance spectra of the PSCs recorded at
0.8 V under dark conditions for various concentration of DMSO in a frequency ranging
from 1 Hz up to 1 MHz. The obtained curves were fitted (solid line) using a model (inset
of Figure 4.8(c)) to analyze the recombination resistance (Rrec) and transportation resistance
(Rntm) in the fabricated PSCs.*#4° R gives the series resistance between the two electrodes,
Rrec in parallel to recombination capacitance (Crec) contributes to the recombination process
of the device and Rnm in parallel to the capacitance due to HTM (Chm) is associated with
the diffusion of holes across the HTM, i.e. PEDOT:PSS. Two semi circles were observed
in the impedance spectra. The one in low frequency region was due to the charge
recombination effect whereas the one in high frequency was due to the transport effect
through HTM. The results obtained from fitting of the equivalent circuit of impedance
spectra are summarized in Table 4.3. The Rrc Was found to increase till 1.5 eq. DMSO

(559.7 Q) was added and thereafter it was found to decrease. This signifies least
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Table 4.3: Impedance spectroscopy parameters.

i Rrec RS Rhtm
Device
Q) (€2) (€2)

DMF 294 38.7 62.63

1.0 136.1 37.9 55.28

15 559.7 43.2 213.7

2.0 305.9 39.6 133.3
DMSO 6.9 48.1 25.64

recombination current in the 1.5 eq. DMSO, thus giving the highest efficiency. Similarly,
the Rnm for 1.5 eq. DMSO (213.7 Q) was also higher than any other concentration of
DMSO signifying better hole diffusion through PEDOT:PSS in the device. Both these can
be very well correlated to the grain size of the perovskite film which was also the maximum
for 1.5 eq. DMSO (154 um), and had the least effect of recombination due to minimum
grain boundaries. Slow recombination and better hole diffusion resulted in the higher Voc
and FF®! for 1.5 eq. DMSO PSC.

To study the impact of DMSO addition on the stability of perovskite solar cell, the
thermal stability test was carried out by heating the devices at 80 °C inside the glove box

and measuring the device performance at different time intervals. As shown in the graph of
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Figure 4.9: Air stability test of perovskite solar cell fabricated from pure DMF and 1.5 eq DMSO solutions.
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normalized PCE Vs time (Figure 4.8(d)), the average loss in the PCE of solar cell fabricated
from pure DMF solution was >75% and for 1.5 eq. DMSO the loss was <13% after 625
minutes. The degradation of perovskite films at grain boundaries takes place at a much
faster rate compared to the grain surface,>*>! therefore the improved stability observed in
case of DMSO modified perovskite as compared to the control cell with only DMF might
be attributed to the bigger grain size. The air stability test was also performed (Figure 4.9)
which confirmed the improved stability for the device fabricated from 1.5 eq DMSO

solution.

4.3 Conclusions

In summary, a facile approach of Lewis acid-base adduct formation was applied in
combination with hot casting method to obtain a series of perovskite films with different
average grain sizes using different amounts of DMSO. It was observed that the crystallinity
and morphology of the solvent engineered perovskite film strongly depends on the amount
of Lewis base and the processing condition which in turn influences the photovoltaic
performance significantly. The film fabricated with 1.5 eq. DMSO precursor solution
exhibited smooth film with large grain size. As a result, the maximum PCE of 14.11 % with
improved stability could be obtained at these conditions as compared to 8.65 % efficiency
for pure DMF casted films. The present work delivers an effective way to fabricate efficient
perovskite solar cell. Further work via Lewis acid base approach and hot casting method to
improve the PCE and stability of the cells can be performed by including some amount of
FAI with MAI that is comparable to DMSO in terms of size.

4.4 Experimental Section

441 Materials

Methylammonium chloride (MACI, 98.0 %) was purchased from TCI chemicals, lead
iodide (Pblz, 99.0 %), Fluorine-doped tin oxide (FTO) substrates (150 nm, 7 Q o) were
obtained from Sigma-Aldrich, (6,6)-Phenyl-Cs:-butyric Acid Methyl Ester (PCBM, >99.5
%) was purchased from LUMTEC, DMF (99.5 %) and DMSO (99.0 %) were purchased
from Qualigens and were distilled in our laboratory using literature procedure®? before use.
The hole transporting material (HTM)  Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS, PVP Al 4083) was received from Clevios.
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442 Fabrication of Perovskite solar cell

The patterned FTO substrates were cleaned by subsequent sonication in Milli-Q water,
acetone, and 2-propanol and then exposed to a UV ozone treatment system for 15 min
before the deposition of PEDOT:PSS film. A thin film of PEDOT:PSS was first deposited
by spin-coating on the cleaned FTO at 5000 rpm for 30 s followed by heat treatment for 20
min at 150 °C. The perovskite films were coated in a one-step hot casting method described
in detail elsewhere.?’ In short; the substrates were preheated to 190 °C and transferred to
the spin coater chuck followed by spin coating for 30 s at a speed of 4000 rpm. Different
amount of DMSO was added into the precursor solution of equimolar Pbl, and MACI in
DMF (200 mg mL™ Pbl, concentration), which was stirred overnight at 70 °C. Solution in
pure DMSO was also made for comparison. After perovskite film, an electron transporting
layer (ETL) was coated from a 20 mg mL* solution of PCBM in chlorobenzene (CB) at
1000 rpm for 30 s. Finally, to complete the solar cell fabrication Aluminum (80 nm) was
deposited in a thermal evaporator at a rate of <5 As™’. The active area of the PSCs was 0.06

cm?.
443 Characterization

The perovskite films were characterized by optical microscopy (Leica DM 2500P
polarizing optical microscope with QICAM FAST1394 camera), X-ray diffraction (XRD,
Bruker, D8 Advance XRD with Cu-Ka [a = 1.54 A]), atomic force microscopy (AFM,
Agilent 5500-STM instrument), Scanning electron microscopy (SEM, JEOL JSM-7610F)
and UV-vis absorption spectroscopy (Perkin Elmer Lamda-35). The Pbl>-DMSO and
MACI-Pbl>-DMSO Lewis adducts were studied using Fourier transform infrared
spectroscopy (FTIR, Perkin-Elmer-Spectrum). The current density—voltage (J—V)
characteristic curves were recorded with a Keithley 2400 source meter in argon atmosphere
by illuminating the device with a solar simulator (Newport, Oriel Sol 3A solar simulator,
AM 1.5G, 100 mW cm2) using a shadow mask of 6 mm? area. The steady state current
analysis and impedance spectroscopic measurement were performed using an
electrochemical workstation (CH Instruments 760D). An Oriel 1QE-200 instrument was

used to record the incident photon-to-current efficiency (IPCE) in ambient condition.
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Appendix C: Additional data for chapter 4
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Figure C-1: Grain size distribution (red bar) with Gaussian fit (black line) of MAPbCIxlz.x perovskite films
prepared using precursor solutions in (a) pure DMF, (b-g) 0.5, 1.0, 1.5, 2.0, 3.0 & 4.0 equivalents of DMSO
in DMF respectively and (h) pure DMSO using hot casting method.
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Figure C-2: FESEM images of perovskite films coated from (a) pure DMF and (b) 1.5 eq DMSO in DMF
solutions using hot casting method.
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Figure C-3: Topographical AFM images of different perovskite films prepared using precursor solutions in
(a) pure DMF, (b) 1.5 equivalents of DMSO in DMF and (c) pure DMSO using hot casting method.

Table C-1: Integrated Jsc values calculated from IPCE spectra.

Integrated Jsc from IPCE

Device (A cm?)
DMF 13.986
15 19.489
DMSO 14.950
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Abstract

Achieving long-term stability along with high power conversion efficiency is the
biggest obstacle for the pursuit of organic-inorganic perovskite solar cells towards
commercialization. In this chapter, additive assisted perovskite crystal growth has been
demonstrated as an effective strategy to improve both power conversion efficiency and
thermal stability of methylammonium lead triiodide (MAPbI3) perovskite solar cells. For
this, oxalic acid (OA) with two bifacial carboxylic acid groups was employed as additive
into the perovskite precursor solution which facilitate the crystallization process leading to
increase in grain size, reduced grain boundaries and trap states. Subsequently, devices
fabricated with the OA additive, showed power conversion efficiency of 17.12%, compared
to control device with 14.06%. Furthermore, enhanced thermal stability was achieved for
the OA modified PSCs compared to that of pristine device. The device without OA additive
retained 14% of the initial PCE after only 9 hours of heat treatment at 100 °C, whereas, for
the same condition, OA modified device retained 90% after 9 h and even 70% of after 19
h. These observations suggest that OA assisted morphological improvement of perovskite
can offer an efficient approach to further improve the performance as well as stability of
the PSCs.
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5.1 Introduction

Photovoltaic devices based on organic-inorganic metal halide hybrid perovskites also
known as perovskite solar cells (PSCs) have fascinated researchers owing to their appealing
optoelectronic properties, solution-based low-cost processing and high power conversion
efficiency (PCE).*® Since the first report on PSCs with PCE of 3.8 % in 2009, a substantial
increase in PCE to 25.2% has been achieved, outperforming widely deployed multi-
crystalline silicon at cell level.”® This growth has been possible through extensive efforts
of developing new materials and device engineering, including investigations on crystal
formation,®*! solvents,>® additives,***® and interface engineering.®*8 Precise control of
morphology, crystallinity and charge transport properties of perovskite films with proper
device engineering is crucial to realize high efficiency and stability in PSCs.® However,
the hybrid perovskite has non-coordinated ions present reasonably; particularly the I ions
that can easily migrate into perovskite films inside grains,?® through grain boundaries and
even out of the perovskite layer. These ions coming out of perovskite film destroy the metal
electrode, which can further lead to formation of many defects and thus resulting in the
disintegration of perovskite layer.?! Formation of these defects occur preferentially at grain
boundaries and over the surfaces of perovskite layer and act as centers of non-radiative
recombination, thereby reducing the lifetime of charge carriers to finally result in low PCE
of PSCs.?? In addition, the grain boundaries and these defects-formed regions are attacked
easily by oxygen or moisture, accelerating the deterioration of perovskite film.2® This
demands the development of perovskite films with improved crystallinity, less grain
boundaries, larger grains as well as full surface coverage that can minimize the amount of

defects and recombination and hence improve the PCE and stability of PSCs.

Numerous attempts have been made to achieve perovskite layer with high quality.
Notable improvements have been observed in the crystallinity, surface coverage, and grain
size of perovskite films via Ostwald ripening,?* solvent annealing,? solvent engineering,
28 gas treatment,?® and through additives.>*3! Among these approaches, additive assisted
perovskite crystal growth has been particularly effective to enhance the performance of
PSCs as well as its stability. A ligand, 2-aminoethanethiol was used in the perovskite
precursor to interconnect lead iodide (Pbl2) and methylammonium iodide (MAI), that led
to simultaneous growth of Pbl, and MAI crystals and ensured a dense perovskite film with
improved stability.®? Similarly, the use of butylphosphonic acid 4-ammonium chloride

resulted in the crosslinking of perovskite grains with neighboring one, through strong
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hydrogen bond formation of the perovskite surface with -NHs™ and -PO(OH); terminal
groups, which showed better moisture stability with improved photovoltaic performance.
Other additives such as poly(ethylene glycol),®* poly(propylene carbonate),®® poly(methyl
methacrylate)*® have also been used to prepare perovskite layer with large grain size and
improved stability via chelation or cross-linking between functional groups of additives
and perovskite grains. In these additives, the functional groups utilized, for example
ammonium (—NH3), carboxyl (-COOH), and hydroxyl (—OH) groups were separated with
flexible carbon chain and modulated the crystallization process of perovskite formation by
interaction with Pb*? or I ions of perovskite. Simultaneously, strong hydrogen bonds of
such functional groups can also inhibit the ions migration in perovskite film, and enhance
the stability and minimize hysteresis in PSCs.3" Although improvements have been
achieved in the crystallization process by incorporation of additives into the perovskite
precursors to attain high-quality large-grain perovskite films with uniform morphology and
smooth surface,®-333 the poor stability of PSCs has still remained a key challenge that
need to be solved. Also, among the functional groups utilized, carboxyl group is a good
choice having a carbonyl group with lone pairs at oxygen as well as a hydroxyl group. The
carbonyl group can control the crystallization process during the perovskite formation and

the hydrogen bond of hydroxyl group can suppress ion migration.®

In this work, oxalic acid (OA) is introduced as an effective additive into perovskite
precursor solution to positively impact both photovoltaic performance and stability of
PSCs. OA also known as ethanedioic acid is a dicarboxylic acid having two carboxyl
groups attached directly through a single bond. The presence of the two-carbonyl group of
the OA modulated the crystallization process to enable enlargement of grains and minimize
the grain boundaries. In addition, the two hydroxyl groups in the OA can significantly
passivate the perovskite film by strongly coordinating with iodide. This bidirectional OA
assisted growth enables a substantial improvement in the quality of perovskite films,
leading to an enhancement in PCE to 17.12% compared to control device with 14.06%.
Furthermore, a remarkable improvement in stability under heat at 100 °C was obtained with
OA incorporation, where the OA modified PSCs exhibited much higher PCE retention of
70% after 19 h versus control device with 14% after just 9 h which can be attributed to the

strong interaction between the OA and the perovskite.
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5.2 Results and Discussion
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Figure 5.1: Schematic representing the perovskite film fabrication process.

The fabrication process of perovskite films is depicted in Figure 5.1. In short, the films
were prepared using single step method from precursor solution (Pblo+MAI in y-
butyrolactone/DMSQ) with OA additive in different concentrations (0, 3, 5, 7, and 10 mg
mL?). To confirm the interaction of the OA in perovskite, Fourier transform infrared
(FTIR) experiment was performed. The FTIR spectra of OA, MAPbIs, and MAPDbI3 with
OA are presented in Figure 5.2(a,b). A peak at 1685 cm™ was observed for the stretching
vibration of carbonyl group (vc=0) present in the OA, which moved to 1654 cm™ in MAPblI3
with OA (Figure 5.2(b)). This shift in the vc=0 value towards lower wavenumber verifies
the interaction between the lone pairs present at carbonyl oxygen and lead ions of MAPbIs.
Therefore, it is expected to modulate the crystallization kinetics and improve morphology

of perovskite films.*°

The morphological study was performed with FESEM to understand the effect of OA
addition as shown in Figure 5.3(a-¢). It was perceived that with the addition of OA into the

perovskite precursor solution, it enhanced the quality of perovskite film and enlarged grain
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Figure 5.2: (a) FTIR spectra of OA, MAPbI; and OA modified MAPbI; (b) Expansion of FTIR spectra in 5.2
(a) to show stretching vibration of carbonyl group.

size. The control perovskite film without OA addition shows small grains with size ranging
from 50-250 nm (Figure 5.3(a)). The grain size improved with small amount of OA
incorporation and optimum amount of 5 mg mL? resulted in smooth and uniform
perovskite layer with grain size of ~400- 600 nm (Figure 5.3(c). However, further increase
in the concentration resulted in non-uniform grains with many pinholes observed at the
surface of the perovskite layer. Therefore, it is clear that OA can significantly regulate the

course of crystallization and improve the morphology of perovskite films. The Pbl. present

Figure 5.3: FESEM images of MAPDI3 perovskite films (a) without and (b-e) with different amount of OA
additive.
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Figure 5.4: XRD patterns of pristine and 5 mg mL* OA modified MAPDI; perovskite film.

in the precursor solution form an intermediate complex with the solvent and ion exchange
with MAI takes place during solvent removal by anti-solvent treatment and annealing
process.>® When the OA is added to the precursor solution, the two carbonyl groups present
in it strongly interacts with Pb*? (Lewis acid-base interaction) and forms a complex. This
complex, during the solvent removal by annealing, converted to perovskite through ion
exchange with MAI. Therefore, the presence of OA elongated the crystallization process
and resulted in large grain perovskite film formation. The bifacial nature of OA could also
lead to improved interconnection of the adjacent perovskite grains by crosslinking and
enhances the grain size. However, large amount of OA doping might lead to excess
intermediate formation, which may impede the perovskite film formation process and lead

to poor quality film with many pinholes.

X-ray diffraction (XRD) study was performed to estimate the influence of OA on the
crystallinity of the MAPDI3 perovskite films. Figure 5.4 illustrates the XRD curves of the
perovskite films without and with different amount of OA. The diffraction peaks observed
at 20 value of 14.10°, 28.41°, and 31.81° for all MAPbI3 films can be assigned to the (110),
(220), and (310) diffractions, respectively.® The signals marked with asterisk are indexed
to FTO substrate. The absolute intensities of (110) diffraction peak for perovskite films

prepared with OA addition (up to 5 mg mL™) became stronger compared to pristine film,

TH-2267_136122028



Chapter 5: Oxalic Acid Induced Perovskite Formation| 119

which confirm that small amount of OA could improve the crystallinity of perovskite film.
It is well established that the crystallinity of the perovskite layer is a key factor to determine
the performance of PSC. Presence of defects in the perovskite layer leads to trap formation
and charge recombination.?? Further addition of OA (7 and 10 mg mL™) resulted in the
intensities of (110) peaks, that were weaker compared to the pristine perovskite film
because of poor quality perovskite films having small grains and many pinholes (Figure
5.3(d,e)).

The UV-vis spectra of MAPDbIs perovskite films with different amount of OA addition
is presented in Figure 5.5(a). The intensities of optical absorption for perovskite films were
gradually enhanced with the amount of OA up to 5 mg mL™ due to good quality perovskite
films formation with large grains and improved crystallinity. However, addition of OA
more than 5 mg mL* resulted in lower absorption intensity, which is ascribed to the poor
quality of the perovskite film. The photoluminescence (PL) experiment is very useful to
explore the recombination properties in perovskite layer. The PL emission of perovskite
film coated on glass substrate without hole and/or electron transporting layer comes
primarily due to recombination of excitons inside the film. As illustrated in Figure 5.5(b),
the MAPbI3 perovskite film prepared with 5 mg mL? OA has higher emission intensity
relative to the pristine perovskite film, which demonstrate that the non-radiative
recombination of the carriers has been efficiently suppressed owing to lower defect density
and high quality of perovskite film with OA as evident from XRD and SEM

measurements.*®#! This suppression of non-radiative recombination suggesting lower

(@) | — Control —=— Control oy (b)
—— 3mgmL'0A ——5mgmL"0A|
—— 5mg mL"0A
—— 7 mg mL"OA
—— 10 mg mL"0A

Absorbance, a.u.
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Wavelength, nm Wavelength, nm

Figure 5.5: (a) UV-vis absorption spectra of MAPbI; perovskite films without and with different amount of
OA additive. (b) Steady state PL emission spectra of pristine and 5 mg mL* OA modified MAPbI3 perovskite
film.
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Figure 5.6: Photocurrent density vs voltage (J-V) curves of PSCs fabricated without and with different amount

of OA additive.

defect/trap density can lead to improved open circuit voltage (Voc) of PSCs because of

reduced band bending of the perovskite affected by trap states.*:

The J-V curves of PSCs without and with different amount of OA are illustrated in

Figure 5.6 and the corresponding photovoltaic performance parameters are summarized in
Table 5.1. The best PCE obtained for pristine MAPbI3 based PSC was 14.06% with a short

circuit current density (Jsc) of 20.58 mA cm, an open circuit voltage (Voc) of 0.920 V and

Table 5.1: Photovoltaic performance parameters of the PSCs fabricated without and with different amount

of OA additive.

Device Jsc Voc FF PCE, Best (Average)
(mA cm?) V) (%)

Control 20.58 0.920 0.74 14.06 (13.34+0.35)?
OA3 22.09 0.930 0.74 15.23 (14.61+0.44)°
OA5 23.89 0.960 0.75 17.12 (16.46+0.48)?
OAT7 20.29 0.930 0.73 13.79 (12.97+0.48)°
OA10 17.93 0.910 0.72 11.68 (11.15+0.59)"

a Average of 50 devices. "Average of 15 devices
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a fill factor (FF) of 0.74. The performance of PSC improved gradually with the addition of
OA and the highest PCE of 17.12% (Jsc= 23.89 mA cm, Voc= 0.960 V, & FF= 0.75) was
attained for 5 mg mL*. This enhancement in the performance can be mainly ascribed to the
superior quality of perovskite film obtained for 5 mg mL™? having large grains, good
crystallinity and lower trap states. However, as expected, the PSCs with 7 mg mL™ or
higher incorporation of OA resulted in poor performance due to formation of small grains,
and pinholes in the perovskite films. Further investigations were carried out for PSCs with
5 mg mL™ OA due to their superior performance and their characteristics were compared
with control devices fabricated with pristine MAPDbIz film. A minimum hysteresis behavior
was obtained in both the PSCs without and with 5 mg mL™ OA as shown in Figure 5.7(a)
(Photovoltaic data presented in Table 5.2). The typical incident photon to current
conversion efficiency (IPCE) curves of PSCs without and with OA (5 mg mL™Y) is presented
in Figure 5.7(b). The PSCs with OA exhibited higher IPCE values in the wavelength range
of 300-800 compared to the control cell, which can be ascribed to the better charge

transport, collection and improved absorption. The values of integrated Jsc calculated from
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Figure 5.7: (a) J-V curves (b) IPCE spectra of PSCs without and with 5 mg mL™ OA additive (c) Steady state
current obtained by holding the bias at 0.8 V for PSCs without and with OA (d) Statistics of PCE for 50 PSCs
devices each, fabricated without and with OA.
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Table 5.2: Photovoltaic performance parameters of PSCs without and with 5mg mL OA scanned in forward
as well as reverse directions.

Jsc Voc PCE
Device Scan FF
(mAcm?) (V) (%)
Control Forward 20.64 0.92 0.73 13.82
Reverse 20.58 0.92 0.74 14.06
OA5 Forward 23.83 0.95 0.75 17.07
Reverse 23.89 0.96 0.75 17.12

the IPCE spectra are 19.05 and 22.25 mA cm for control and OA devices, respectively.
The values agree with the values obtained from the J-V curves. The results were further
validated by recording the steady state current density at a potential about the maximum
power point for PSCs without and with OA additive. Both the devices, without and with
OA, showed steady state current densities of about 18.58 and 22.49 mA cm, respectively
(Figure 5.7(c)). These steady state current density values are consistent with the J-V results
(Figure 5.7(a)). Statistical variation of the photovoltaic performance of the devices were
analyzed based on a series of 50 devices each for control as well as OA assisted PSCs, as
shown in the histogram (Figure 5.7(d)). The average PCE of the pristine MAPbI3 based
PSCs was 13.34% + 0.35, whereas OA induced growth of perovskite film resulted in an
average PCE of 16.47% + 0.48.

The interfacial charge transfer kinetics and recombination properties of photovoltaic
devices can be investigated by utilizing the electrochemical impedance spectroscopy (EIS).
The Nyquist plots of the control and OA modified PSCs, estimated at a bias of 0.8 V and
in the frequency range of 1 Hz — 1 MHz under dark condition are presented in Figure 5.8(a).
The Nyquist plot was fitted using an equivalent circuit model as illustrated in the inset of
Figure 5.8(a). A semicircle can be observed for both the devices which correspond to the
charge transfer at FTO/PEDOT: PSS/MAPDIs/PCBM interfaces, relates to the
recombination resistance (Rct). Rct estimated from the Nyquist plot, for OA based device
was much larger than the pristine PSCs, indicating the defect passivation or recombination
suppression contributed by OA. Therefore, OA facilitates the charge injection to HTL and
ETL thereby improving the Voc and Jsc.*?
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Figure 5.8: (a) Nyquist plot, (b) Transient photocurrent, (c) Transient photo-voltage and (d) thermal stability
at 100 °C for PSCs without and with OA addition.

To further understand the carrier dynamics across the PSCs, transient photocurrent
(TPC) and transient photo-voltage (TPV) experiments were performed for the pristine and
the OA modified devices.** As shown in the TPC curves (Figure 5.8(b)), the OA-based
device showed a faster decay compared to the pristine device. The charge transport time
(tt, obtained by fitting the TPC curves with mono- exponential function A exp ") for the
OA based device was 0.68 us whereas, a higher value of 0.86 ps was obtained for the
control device. The fast decay for OA based devices indicates enhancement in the charge
transport properties through interfaces. Further, the carrier recombination rates under open
circuit condition in PSCs can be correlated from the TPV curves. A much slow decay was
observed for the OA based device compared to the control device (Figure 5.8(c)). The
charge recombination lifetime (tr) estimated from the TPV decay curves was prolonged for
the OA based device than that of the control device from 1.38 us to 1.58 ps, indicating the
prohibition of carrier recombination in OA based device. This is mainly attributed to the
reduced trap density that is consistent with the higher Voc observed from the OA treated

device.
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The thermal stability of PSCs is a critical factor affecting their applicability. To
evaluate the effect of OA addition on device stability, the thermal stability test at 100 °C
was performed inside the glove box.* Figure 5.8(d) shows the normalized PCE vs time
plot for PSCs with and without OA additive. No device encapsulation was used. The PSC
without OA retained only 14% of its initial PCE after heat treatment of the device at 100
°C for 9 h. However, under the same condition, the OA based device retained 90% of its
initial PCE after 9 h and 70% after 19 h. The attenuation in the loss of PCE is essentially
ascribed to the reduced degradation of the perovskite layer.*-¢ These results show that the
perovskite layer prepared with OA results in improved thermal stability, which is related

to the superior morphology obtained.

5.3 Conclusions

In summary, MAPbI3 perovskite film with improved morphology having large grains,
low grain boundaries and minimized defects was achieved by incorporating OA into the
precursor solution of perovskite. As a result, a substantial improvement in the PCE from
14.06% to 17.12% was observed by incorporation of OA in its optimum concentration.
More importantly, the thermal stability of the PSCs was also enhanced with the OA
addition. The OA modified PSC retained 70% of its initial PCE after 19 h of heating at 100
°C, whereas the PCE for pristine device was reduced to 14% of its initial value after only 9
hours. This improvement in the stability and PCE has been achieved by utilizing the Lewis
acid-base interaction between carbonyl group of OA with Pb*? ions, and the hydrogen
bonding interaction of hydroxyl group present in OA with iodide and MA™ ions. This study
provides an effective way to prepare perovskite film with superior morphology and low

traps to achieve high efficiency and stability of PSCs.
5.4 Experimental Section

541 Materials

Fluorine-doped tin oxide (FTO) substrates (sheet resistance: 15 Q o2, size: 1.5 x 1.5
cm?, thickness: 2.2 mm) were purchased from Hartford Glass Co, USA. Lead (I1) iodide
(Pbl2, 99%) was obtained from Acros Organics. Methylammonium iodide (MAI or
CHsNHzsl) was obtained from GreatCell Solar. Anhydrous Oxalic Acid ((COOH).) was
purchased from Spectrum Chemical Mfg. Corp. PEDOT: PSS (Clevios P VP Al 4083) was
obtained from Heraeus. PCBM (99.5%) was received from Nano-C, and Rhodamine 101
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dye was procured from Sigma-Aldrich. All the solvents used were anhydrous and obtained

from commercial sources.

54.2 Device Fabrication

On a pre-cleaned FTO substrate, the PEDOT: PSS layer was first spin coated at 4500
rpm for 60 s followed by baking at 140 °C for 10 min. The PEDOT: PSS coated substrates,
after cooling down to room temperature, were transferred to a glove box filled with
nitrogen. Perovskite precursor solutions were prepared by mixing 209 mg of MAI, 581 mg
of Pbl», and different amount of oxalic acid (0, 3, 5, 7, & 10 mg) in a mixed solvent (300
uL of DMSO and 700 uL of y- butyrolactone). Sixty microliters of these precursor
solutions were spin coated on top of the PEDOT:PSS films at 750 rpm for 20 s followed
by 4000 rpm for 60 s. During the second step of spin coating, 40 s before the end, 160 pL
of anhydrous toluene was dripped over the precursor film. The substrates were then
annealed on a hotplate at 80 °C for 10 min. After cooling down to room temperature, a 20
mg mL* solution of PCBM in chlorobenzene was spun at 2000 rpm for 40 s over the
perovskite film and annealed at 80 °C for 5 min. A very thin layer of rhodamine was then
spin coated from a 0.5 mg mL solution in IPA at a spin speed of 4000 rpm for 40's. Finally,
~100 nm of silver was evaporated using a shadow mask under a vacuum in the order of 10

% mbar to achieve an active area of 0.16 cm?.

5.4.3 Characterization

Fourier transform infrared (FTIR, Perkin-Elmer-Spectrum) spectroscopy was used to
study the interaction of OA and perovskite. The morphology of perovskite samples was
examined on a scanning electron microscope (SEM, Hitachi S-4800). Perovskite grain
orientation was measured using X-ray diffraction (XRD, Rigaku SmartLab system, 2.2 kW,
Cu-Ka = 1.54 A). Optical and photoluminescence spectra were recorded using an UV-vis
spectrometer (Hitachi, U-3010) and a fluorescence spectrophotometer (HORIBA Jobin
Yvon, fluoromax-4 with a 405 nm laser excitation), respectively. An Ametek
VERSASTAT3- 200 potentiostat was used in the frequency range 1 Hz-1 MHz with
amplitude of 20 mV in dark condition at maximum power point to perform EIS analysis.
Photocurrent density-voltage (J-V) performance of the PSCs was measured in ambient
environment without encapsulation using a Xenon arc lamp with a filter under AM 1.5
conditions, which were calibrated using a standardized silicon solar cell from NREL

(S1133-14). External quantum efficiency measurements were done using the Newport
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monochromator, Model 74125 and the Xenon lamp (Newport, Model 67005). The transient
photocurrent and photovoltage investigations were made utilizing nitrogen laser pulse
(OBB's Model OL- 4300) at 377 nm to pump a dye laser (model 1011) for generating a
short pulse. This pulsed laser worked as a source of excitation with <1 ns pulse duration
and ~4 Hz frequency. The dynamics curves of TPC and TPV measurements were recorded
on a digital oscilloscope in open condition at around 1 MQ resistor for TPV and in short-

circuit condition at 50-Q resistor for TPC.
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Benzene Carboxylic Acid Derivative
Assisted Passivation of Perovskites for
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Abstract

Trap states formation in perovskite films during their preparation is a key limitation
restricting the device performance and stability of perovskite solar cells. These trap states,
also termed as defects, are generally present at the surface of perovskite film and on grain
boundaries and work as charge recombination centres, thereby influencing the device
performance. Herein, a unique methodology of trap state passivation in accord with
crystallization control has been demonstrated using multiple carboxylic acid functionalized
small aromatic molecules. Three benzene carboxylic acids (BCA), viz. Benzoic acid (BA),
Isophthalic acid (ITA), and Trimesic acid (TA) (with one, two, and three carboxylic acid
groups, respectively), have been utilized as additives in the precursor solution that resulted
in high quality perovskite films with large grains and reduced trap states. Perovskite films
generated in presence of these BCA additives strongly influenced the charge transfer
dynamics and resulted in improved performance and stability of the devices by lowering
the photo generated charge recombination. TA incorporated devices, gave highest power
conversion efficiency (PCE) of 18.08% with a significant improvement in the open circuit
voltage (Voc) to 1.063 V (an enhancement of =110 mV) compared to the control device,
that showed PCE of 13.01% and Voc of 0.952 V. Additionally, the devices were also
endowed with enhanced thermal stability. Furthermore, an effective trap state passivation
by tuning the concentration of —-COOH group within the same aromatic core has been
established. These BCA functionalized molecules simultaneously reduce trap states
through passivation and effectively controls crystallization thereby demonstrating the

broad universality of using specific BCA additives to enhance perovskite based solar cells.
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6.1 Introduction

The perovskite films prepared using solution processing methods are polycrystalline
and have non-coordinated ions as defects. These defects are majorly present at grain
boundaries and on the surfaces of perovskite film, which work as recombination centres,
hence greatly influence the performance of PSCs.}? Besides being harmful to device
performance, these defects can also elevate the penetration of moisture and oxygen into
perovskite and contribute significantly to the inherent instability of perovskite films® and
subsequently result in an unsatisfactory lifetime of PSCs under operating conditions.*®
Poor device stability is presently one of the most serious difficulties for commercialization
of the PSCs. The solution processed polycrystalline perovskite films have multiple times
higher defect density compared to the single-crystalline film.® Thus, it is highly desired to
minimize the quantity of defects in the perovskite films to simultaneously improve the

device performance as well as their long-term durability.

To enhance the perovskite film quality and reduce trap states, different approaches
have been established, such as solvent engineering of precursor solution,” development of
coating procedure,® composition engineering,® off-stoichiometric passivation,*® anti-
solvent engineering,***2 utilizing organic molecules in anti-solvent,**'* interface
engineering®>!” and additive engineering.'®?° Among these methods, additive engineering
is one of the effective approaches for achieving high quality perovskite films because of
the vast diversity present in their functionality and structure.?*?> D-n-A molecules with —
COOH group, PCBM and C60-PEG have been added in the anti-solvent for defect
passivation.'*>** The use of these molecules in anti-solvent helps in passivation of surface
defects only. Numerous materials have been investigated as additives in perovskite
precursor solution including organic halide salts, metal halide salts, inorganic acids,
fullerenes, polymers, and nanoparticles.?>?32" Some of the reported additives were used to
only enhance film stability or charge transport.?~?® However, few others were used to
improve the perovskite film either by controlling the kinetics of nucleation and grain
growth or by the passivation of trap/defect states. The fast crystallization of perovskite film
during solution processing results in small grains with a large number of grain boundaries
and defects.?® Therefore, it is essential to appropriately control and regulate the
crystallization Kinetics via tuning the interaction of additive with perovskite precursor
judiciously. Many additives, such as MACI,?* NHsSCN,* MASCN,* HBr,?® HI,* and

hypophosphorous acid,®® were only effective in regulating crystal growth, yet they were
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very less effective for passivation of defects. On the other hand, some of the additives such
as IT-4F3* FATCNQ,*® PVP (poly(4-vinylpyridine)),® polyamic acid & polyimide,®
fullerene derivatives and ITIC,??" organic dye (AQ310),%® p-type conjugated polymers
PBDB-T,% P3HT?® were only effective in passivating the defects of perovskite films
whereas no improvement was observed in crystallization. One of the possible ways to
simultaneously obtain an improved perovskite film with good morphology as well as
reduced defects is to use multiple additives having different functions into perovskite
precursor. However, only a few studies on the simultaneous addition of different additives
have been reported.**-4> Multiple functions, such as simultaneous enhancement of the
perovskite grains morphology and its defects passivation was also achieved with a single
additive, for instance, side-chain liquid crystalline polymer (SCLCP),** N-doped
graphene,?® and carbonized bamboo-derived carbon nanodots (CNDs).*? Thus, the use of
additive with simultaneous capabilities of crystallization control and trap state passivation

is a promising approach to realize high quality perovskite films.

In this chapter, improved perovskite morphology with effective defect passivation has
been achieved by controlled addition of benzene carboxylic acid (BCA) derivatives in the
perovskite precursor solution. Three different BCA derivatives, viz. benzoic acid (BA),
isophthalic acid (ITA), and trimesic acid (TA), have been used in this study. The
concentration of each BCA derivative was first optimized independently by adding
different amounts in the perovskite precursor and performing the detailed study on
crystallization and morphology control simultaneously. Further, these additives in their
optimum concentration were compared to examine the effect of -COOH substitution on
trap passivation. An increased concentration of —-COOH group was optimized by additional
substitution on the same aromatic core. Interestingly, it was observed that the samples with
the additive BA statistically showed a small improvement in the Voc to that of control
samples, whereas a pronounced enhancement in the Voc was achieved with ITA and TA.
By adding 1.8% TA (5.4% —COOQOH), the PCE was improved to 17.22%+0.42 (champion
efficiency, 18.08%) versus control (12.16%=+0.39, champion efficiency= 13.01%).

6.2 Results and discussion

FESEM analysis was performed to assess the effect of BA, ITA, and TA addition on
the perovskite film. A good quality perovskite film with large grains, minimal pinholes and

a smaller number of grain boundaries is a key factor to fabricate highly efficient PSCs. A
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Figure 6.1: FESEM image of perovskite film with (a) no additive, (b) 1.6% BA, (c) 3.2 % BA and (d) 4.8%
BA additive.

smooth perovskite film could improve light harvesting and provide better charge-transport
channels. Figure 6.1 shows the FESEM images of pristine and different amounts of BA
incorporated (1.6, 3.2, and 4.8 mol %) perovskite film. It was observed that the grain size
of perovskites increased on optimizing the concentration of BA. The pristine perovskite
film without BA display most of the grains with size range 100-300 nm whereas, perovskite
obtained with 3.2% BA addition resulted in grain sizes in the range 400-600 nm. The grain
size increases on further addition of BA, but the film became non-uniform and less smooth.
These results prove that BA is an effective additive that can modulate the crystallization
process and control the perovskite film morphology. Generally, perovskite film is formed
from its precursor solution having Pblz-solvent intermediate complex through ion exchange
by MAI. The perovskite crystallization occurs when the solvent is removed during anti-
solvent treatment followed by annealing process.** Addition of BA to the precursor solution
modulates the crystallization by forming a complex through strong interaction of its
carboxylic groups with Pb*2. Formation of this complex extends the crystallization and

results in large grain perovskite film. However, higher concentration of BA may lead to
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Figure 6.2: FESEM image of perovskite film with (a) no additive, (b) 1.2% ITA, (c) 2.4 % ITA and (d) 3.6%
ITA.

formation of excess intermediates, which may result in non-uniform poor-quality
perovskite films. When the FESEM analysis for perovskite film modified with ITA was
performed (Figure 6.2), an improvement in the perovskite film quality ensued, although it
was not as proficient as in the case of BA. In this case, small particles of ITA can also be
seen on the surface (with 1.2%), and their quantity increases with the additive concentration
(2.4 & 3.6%). This might be helpful in the passivation of grain boundaries. TA addition
resulted in both, enlargement in the grain size as well as the appearance of TA on the surface
(Figure 6.3). When the TA concentration increased up to 0.9%, the grain size increased
with the presence of some small TA particles on the surface. Further increase in
concentration to 1.8% resulted in rod-shaped TA on the surface of perovskite film. With
2.7% addition, an uneven perovskite film with small grains were formed. It is clear from
the FESEM analysis that all these acids have an impact on the morphology and grain size

of the perovskite films.
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Figure 6.3: FESEM image of perovskite film with (a) no additive, (b) 0.9% TA, (c) 1.8% TA and (d) 2.7%
TA.

XRD spectra of the pristine and modified perovskite films prepared by adding different
amounts of BA are shown in Figure 6.4(a). The peaks at 20 value of 14.08°, 28.44°, 31.88°
corresponds to (11 0), (2 2 0), & (3 1 0) diffraction peaks of MAPDIs. The absence of peak
at around 12.6° confirmed the complete conversion of lead iodide to the perovskite. The
peak intensities for the modified perovskite first increased up to 3.2% BA additive, and
further addition resulted in reduction of peak intensity. The other two additives, ITA and
TA, also showed a similar trend (Figure D-1, Appendix D). This confirms that the addition
of these acids into the perovskite precursor solution proved beneficial to improve the
crystallinity of the perovskite film. The interaction of BA with perovskite confirmed by
Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra of BA and perovskite
modified with BA are presented in Figure 6.4(b,c). The stretching vibration of carbonyl
group (vc=0) appeared at 1741 cm™*, which shifted to 1720 cm™ for MAPbI; with BA. This
shift is attributed to the coordination of lone pairs present at oxygen of -COOH group with
the Pb ions of perovskite.** Therefore, the interaction of BA can affect the perovskite

crystallization and improve the morphology.
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Figure 6.4: (a) XRD spectra of perovskite films prepared without and with different amount of BA additive.
(b) Full and (c) magnified FTIR spectra of BA and perovskite with BA additive.

Photovoltaic cells of p-i-n configuration having the architecture FTO/NiOx/Perovskite
(without or with BCA)/PCBM/Rhodamine 101/Ag were fabricated for each carboxylic acid
with varying concentration in the active layer (Figure 6.5). The J-V characteristics curves
for BA, ITA, and TA with various concentrations are presented in Figure D-2, Appendix
D. The photovoltaic parameters are compiled in Table D-1, Table D-2, and Table D-3 of
Appendix D for BA, ITA and TA, respectively. The control device without any carboxylic
acid additive displayed best PCE of 13.01% (average PCE of 12.16% for 40 cells) with J,
Voc and FF values of 21.00 mA cm2, 952.6 mV and 65%, respectively. For BA, the PCE

----------------------------------------------------------------------------------------------------------------
. O

\ COOH COOH HOOC COOH

\; MAI +Pbl, )
A +DMSO+B+ | €
Benzene BCA=
~\ carboxylic COOH COOH
e G BA ITA TA

QP 9P oo

Spin Coating Toluene Dripping Annealing

: N
¢ LdAg

: IMRh101

: PCBM MAPbI,
: [Nio, \/

: FTO

0 o
.................................................................................................................

Figure 6.5: Schematic showing the fabrication process of perovskite solar cell and the final inverted device
structure.
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Figure 6.6: J-V curves of PSCs without and with optimum concentrations of BA, ITA and TA additive.

was found to increase for 1.6% and 3.2% addition due to improved perovskite film having

large size grains, good crystallinity, and reduced trap states. However, the PCE reduced
when it was added in excess. The highest PCE of 14.76% (average PCE of 13.90% for 40
cells) was recorded for BA with 3.2% addition. Similar improvements were observed when
ITA and TA were added to the perovskite active layer. Highest PCEs of 16.39% and

18.08% were observed for ITA and TA-modified solar cells in their optimum

concentrations, respectively (average PCEs of 40 cells for ITA was 15.39%, and for TA it
was 17.22%). The best J-V curves for control device along with BA, ITA, and TA based

Table 6.1: Perovskite solar cell performance for control, BA, ITA and TA based devices.

) PCE, Best (Average)? FF Voc Jsc,
Device
(%) (%) (mV) (mA cm?
Control 13.01 (12.16 £ 0.39) 65.0 952.6 21.00
BA 14.76 (13.90 £ 0.39) 66.2 997.7 22.36
ITA 16.39 (15.39 £ 0.40) 69.5 1031.1 22.86
TA 18.08 (17.22 £ 0.42) 72.6 1063.4 23.43

aAverage of 40 devices
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Figure 6.7: (a) IPCE curves and (b) steady state current measured at 0.75V for PSCs without and with
optimum concentrations of BA, ITA and TA additive.

solar cells in their optimum concentrations are presented in Figure 6.6 and the
corresponding photovoltaic data are listed in Table 6.1. It is evident that the improvement
in PCE is mostly contributed from the increase in the value of Voc for all the three cases,
and attributed to the reduced trap states. However, there is a slight enhancement in Jsc and
FF as well ascribed to improved grain size, crystallinity, and morphology of perovskite
films. Figure 6.7(a) shows the IPCE spectra of control, ITA, and TA based devices. A wide
response to incident photons was observed in the range of 400 to 800 nm. The higher IPCE
of modified PSCs than the pristine one indicates that more photo-generated electrons are
transferred to the electrodes. The higher IPCE of modified PSCs might be due to the
presence of lower traps resulting in better charge transport and collection. Therefore, the
addition of BA, ITA, and TA, through trap passivation, prevents the recombination of
electrons. The Jsc values obtained from IPCE spectra are consistent with those found in J-
V curves. Moreover, steady-state current measurements were performed to validate the
working condition of PSCs. All the devices show fast response time at a bias of 750 mV
(Figure 6.7(b)). The currents observed for modified PSCs are more than the pristine

MAPDI3 and follow the same order as seen in J-V curves.

To further understand the variation and repeatability of the results related to device
performance, box-chart for ten photovoltaic cells each with varying concentrations of BA,
ITA, and TA, is presented in Figure D-3, Appendix D. Individually, it can be observed that
the variation of PCE (=1%) is almost similar to the control devices in low concentration for
all the additives. However, when added in excess the variation of the PCE increases. To
compare the photovoltaic parameters of all the additives in their optimum concentration,
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Figure 6.8: Box chart of 40 devices each of control, BA, ITA and TA: (a) PCE, (b) Jsc, (c) Voc and (d) fill
factor.

box chart of the control device as well as BA, ITA and TA modified devices are presented
in Figure 6.8. Though the variation in PCE is nearly similar, the deviation in Voc and Jsc
is found to be improved in case of all the modified devices. The variation of FF for BA and
ITA modified devices is more, but the same has reduced for the TA-modified devices
compared to that of the control devices. A histogram plot displaying the range of PCE and
the corresponding number of devices is also presented in Figure D-4, Appendix D.

The UV-vis absorption spectra of the MAPDIs films were estimated to understand the
effect of additives on absorption. As illustrated in Figure 6.9(a), there is no change in
absorption beyond 550 nm wavelength. However, an enhancement in the absorption has
been observed in the region of 400-550 nm wavelengths. TA based perovskite film
exhibited the highest absorption among all. The improvement in the absorption might be
ascribed to the improved morphology of perovskite film, having fewer grain boundaries
and pinholes obtained with additives. Photoluminescence (PL) spectroscopy was used to
explore the charge-carrier dynamics (Figure 6.9(b)). Perovskite film coated over glass
substrate gave PL emission primarily due to exciton recombination inside the film. The
enhancement in the PL intensity for perovskite films with BA, ITA and TA additives offers

strong evidence that the non-radiative recombination has been suppressed due to reduced
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Figure 6.9: (a) UV-vis absorption spectra, (b) PL spectra of perovskite films prepared without and with
optimum concentrations of BA, ITA and TA additive.

defect density. Moreover, a blue shift in the PL peaks was also observed from 770 nm to

766 nm, attributed to the trap passivation of the perovskite film surface induced by these

additives through deep trap filling.*®

To further confirm the trap passivation, EIS experiment was performed for the PSC
without and with BA, ITA, TA additives. The experiments were executed at a bias voltage
from 0.65-0.90 V and amplitude of 10 mV sinusoidal voltage in the frequency range of 1
Hz to 1 MHz under dark condition. The parameters like recombination resistance (Rrec),

capacitance (C), and trap density of states (DOS) were estimated from the EIS data. A

1200

At a bias of 0.75V | —— Control
Rs CPE —o— BA
—— |TA
—— TA

Figure 6.10: Nyquist plots obtained from impedance spectroscopy performed at 0.75V for PSCs without and
with optimum concentrations of BA, ITA and TA additive.
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semicircle was obtained in the Nyquist plots of PSCs (Figure 6.10), which is related to the
Rrec at the interfaces of perovskite and charge transfer layers (HTL, ETL) as well as over
the perovskite film. The Ry values were obtained by fitting the EIS curves using an
equivalent circuit (inset of Figure 6.10). The Rrec of modified devices is higher compared
to the pristine one and increased in the order of pristine<BA<ITA<TA. Figure 6.11(a)
represents variation of Rrec with bias voltage for control and TA based devices and follows
a linear relation with Voc. The results show that the charge recombination was effectively
controlled through defect passivation by using additives, facilitating the charge injection
that resulted in increased Voc as well as Jsc. The semi log plot of C as a function of voltage
is illustrated in Figure 6.11(b). A relatively lower value of C, compared to the control
device, was observed for TA based device. Further, the capacitance versus frequency curve
(Figure 6.11(c)) was used to investigate the presence of traps in PSCs. The capacitance
observed at the lower frequency region confirms the presence of traps in both the devices.
The lower capacitance observed for TA based device compared to the control device

indicates that the addition of TA can minimize electronic trap states.*® The values of C
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Figure 6.11: (a) Recombination resistance (Rrc) and (b) Capacitance (C) with varying bias, (c) Variation of
C with frequency and (d) Trap density of states (DOS) versus electron energy level for control and TA based
devices.
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manifest the amount of charge carriers stored at the traps, interfaces and hence hold
proportionality with the trap density of states (DOS).2¢4’ Therefore, DOS values calculated
from the capacitance versus voltage data are shown in Figure 6.11(d). The DOS values
obtained in the order of 10*® cmV-! match well with the reported literature and verifies the
superior quality of perovskite film.*® At a particular bias voltage, the relatively lower value
of DOS for TA based PSC confirms trap passivation. The lower traps lead to higher

performance of the PSCs.

The effectiveness of the trap state passivation can also be correlated from a substantial
enhancement in the Voc after passivation. A distinctive improvement in the Voc (=110 mV)
has been achieved in this work, which is higher than the recent reports with NiOx as hole
transport layer as illustrated in Figure 6.12 and Table 6.2. Therefore, the improved
morphology led to the effective passivation of trap states resulting in improved Voc and
hence =~40% enhancement in the PCE with TA modification. This improvement in the
performance of PSCs has become possible through utilization of increased concentration

of —-COOH group by additional substitution on the same aromatic core.
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Figure 6.12: Summary of PCE and Voc improvement in representative report with NiOx hole transport layer
(The number labels represent references).
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Table 6.2: A comparison table of solar cell performance in this work with the recently reported literature
having NiOx as hole transport layer.

PCE, % (Voc, V) Voc
Device configuration Perovskite increment,  Reference
Control Modified mV
FTO/ gﬁﬁﬁig’l‘%m/ Fe CHaNHsPbls ((1)_39'%) (1.80'22) 110 This work
T OMeTADIAg | CHINMPS GGy % "
O MBGPIAg | CHNWRDI Gl (lay :
T Gt CHNHPOL GG g :
NiOx/perI(:)I;I)(/ilt_ei/-PCBM/B CHaNHgPbl; (1156951) (118f’25) 70 Z
CP/Ag ' '
T BCoiRg o CHINHPO o oy "
TN BAg  CHNMPSR Rl oy 19 :
ITO/N i(lz/)l(//é)ggxbs\zite/PCB Cso.1FA07MAg 213 xBrx (115_6011) (117;4:3 30 S
ITO/Ni(;\);(/lgcéch))/\'/As\I;ite/PCB MAPbICly (1163,658% (119 1324‘3 40 28
ITO/NiO)é(I;%r/czlskite/CGO/ CH3NH3Pbls .Cl, (117_6861) (219619(; 30 48
O aPEAg | CHNRRDIL G ey 10 )
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ITO/Ni(Ii/)I(//ggrg/\’/As\lgite/PCB CHsNHsPbls (1150141) (11?6570) 30 4
ITO/Ni(ﬁ;(//Egrgl\’/:Igite/PCB CHsNHsPbls (1150740) (180% 30 50
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Figure 6.13: Thermal stability test of PSCs without and with TA modification.

The thermal stability test is an important characteristic for the PSCs, determining their
applicability. Figure 6.13 shows the normalized PCE of PSCs without and with TA
additive. The experiment was performed by heating the devices at 100 °C inside the glove
box. The PCE of the pristine MAPbIs device retained only 13 % of its initial PCE after 20
h, whereas, the PCE of PSC with additive can retain ~80% under the same test conditions
after 20 h and around 40% after 60 h. Therefore, it is clear that the carboxylic acid
derivatives can prevent the decomposition of MAPDI3z even at elevated temperatures by
simultaneously improving the morphology and crystallinity of the perovskite film and

effectively reducing the trap states.

6.3 Conclusions

In summary, an effective and simple strategy to passivate trap states simultaneously
with morphology and crystallization control by utilizing three different benzene carboxylic
acid derivatives (BA, ITA, and TA) was demonstrated. The synergistic effect of controlled
crystal growth and defect passivation endowed the devices with multiple improvements
viz. high-quality perovskite layer with large grains, good morphology, reduced traps and
lower recombination. The influence of these acids depends on the number of -COOH
groups present on them as well as the appropriate concentration of these passivation agents.

It is also noteworthy that a higher concentration of —-COOH group could be utilized by
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substituting it on the aromatic core. The maximum PCE of 18.08% is the highest value
obtained for PSC with an optimum concentration of TA (with three -COOH groups). This
increase in the PCE is mainly attributed to substantial enhancement in Voc (=110 mV
increment), along with a rise in FF and Jsc. Moreover, the device thermal stability also
improved drastically with the addition of TA confirming the retention of morphology even
at elevated temperature. It is established here that the presence of carboxylic acid groups
was effective in achieving good morphology perovskite films with reduced trap states and
ion migration. The reduction in the trap density has been successfully investigated from PL
and EIS measurements. These investigations provide very useful insights for the strategic
utilization of multi-functional small molecule additives to simultaneously passivate the
defects and improve the morphology of perovskite films and retain at high temperature and
have broad general applications.

6.4 Experimental Section

6.4.1 Materials

FTO glass substrates (13 Q o%), Pbl2 (99.8%), benzoic acid (99.5%), isophthalic acid
(99%), trimesic acid (95%), rhodamine 101 inner salt and silver (99.99%, 1 mm wire) were
acquired from Sigma-Aldrich. Methylammonium iodide (MAI) was purchased from
GreatCell Solar. PCBM (99.5%) was purchased from Lumtec. Nickel nitrate hexahydrate
(Ni(NOs3)2-6H20, 98%) and ethylene diamine (99%) were purchased from Merck. Ethylene
glycol (98%) was received from Fisher Scientific. All the solvents (anhydrous) were

purchased from different commercial sources and used without further purification.

6.4.2 Device Fabrication

NiOx precursor solution was prepared by dissolving 1M Nickel nitrate hexahydrate and
1M Ethylenediamine in Ethylene Glycol. Then the NiOx layer was spin coated as hole
transporting layer on the pre-cleaned FTO at 3000 rpm for 40 sec and then baked at 300 °C
for 60 min in ambient. The MAPbI3 precursor solution was prepared in a glovebox by
stirring MAI and Pbl (1:1 ratio) in a mixed solvent of y-butyrolactone and DMSO (7:3,
v/v) at 70 °C, where the concentration of Pb?* was kept at 1.26 M. The solution was heated
overnight and filtered with a 0.45 um filter prior to spin coating. For the modified devices,
different concentrations of additives (1.6, 3.2, 4.8 mol % of BA, 1.2, 2.4, 3.6 mol % of ITA

or 0.9, 1.8, 2.7 mol % of TA) were incorporated into the precursor solution. In terms of —
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COOH concentration, BA solution have 1.6, 3.2, 4.8 mol % —COOH, ITA solution have
2.4,4.8,7.2mol % —COOH, and TA solution have 2.7, 5.4, 8.1 mol % —COOH. The filtered
precursor solution was spin coated on the NiOx coated FTO in a two-step program, i.e., 750
rpm for 20 sec followed by 4000 rpm for 60 sec. In the second step, 160 pL anhydrous
toluene was dripped after 20 sec as anti-solvent, and the substrates were annealed at 80 °C
for 10 min. Then, 12 mg mL™* PCBM solution was coated at 1200 rpm as ETL and again
annealed at 80 °C for 5 min. After that, a thin layer of rhodamine 101 inner salt (0.5 mg
mL in isopropanol) was spin coated at 4000 rpm. Finally, Ag was thermally deposited by

using a shadow mask to yield an active area of 0.12 cm?.

6.4.3 Characterization

The perovskite films were analyzed by UV-vis absorption spectroscopy (Perkin EImer
Lamda-35), FTIR spectroscopy (Perkin-Elmer-Spectrum), and fluorescence spectroscopy
(HORIBA Jobin Yvon, fluoromax-4 with a 405 nm laser excitation). The XRD patterns of
the samples were recorded using a Rigaku Micromax-007HF diffractometer equipped with
Cu Ko irradiation (A = 1.54184 A). The perovskite film morphology was studied by
scanning electron microscopy (SEM, JEOL JSM-7610F). A Keithley 2400 source meter
was used to measure the current density—voltage (J—V) characteristic curves in an argon
filled glove box by illuminating the device under a solar simulator (AM 1.5G, 100 mW
cm™2, Oriel Sol 3A solar simulator, Newport). The incident photon-to-current efficiency
(IPCE) was obtained by using an Oriel 1QE-200 instrument under ambient condition.
Electrochemical measurements were performed with a CH Instrument 760D. The
impedance spectroscopy was performed by applying a sinusoidal perturbation of 10 mV in

the frequency range of 1 Hz—1 MHz under dark condition.
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Appendix D: Additional data for chapter 6
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Figure D-1: XRD spectra of perovskite films prepared without and with different amount of (a) ITA additive
and (b) TA additive.
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Figure D-2: J-V curves of PSCs without and with different concentration of (a) BA, (b) ITA and (¢c) TA

additives.

Table D-1: Photovoltaic parameters of PSCs with different concentration of BA additive.

) PCE, Best (Average)? FF Voc Jsc,
Device
(%) (%) (mv)  (mAcm?)
Control 13.01 (12.22 + 0.41) 65.0 952.6 21.00
1.6% BA 13.48 (12.77 £ 0.42) 65.2 987.6 20.93
3.2% BA 14.76 (13.95 + 0.40) 66.2 997.7 22.36
4.8% BA 14.27 (13.29 £ 0.62) 65.9 1001 21.64

aAverage of 10 devices
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Table D-2: Photovoltaic parameters of PSCs with different concentration of ITA additive.

] PCE, Best (Average)? FF Voc Jsc
Device
(%) (%) (mv)  (mAcm?)
Control 13.01 (12.22 + 0.41) 65.0 952.6 21.00
1.2% ITA 14.28 (13.57 £ 0.46) 68.0 1006.3 20.86
24% ITA 16.39 (15.46 + 0.46) 69.5 1031.1 22.86
3.6% ITA 15.87 (14.48 £ 0.74) 68.9 1056.9 21.79
aAverage of 10 devices
Table D-3: Photovoltaic parameters of PSCs with different concentration of TA additive.
] PCE, Best (Average)? FF Voc Jsc
Device
(%) (%) (mV) (mA cm?)
Control 13.01 (12.22 £ 0.41) 65.0 952.6 21.00
0.9% TA 14.91 (14.27 £ 0.44) 67.4 1035.5 21.36
1.8% TA 18.08 (17.29 + 0.43) 72.6 1063.4 23.43
2.7% TA 16.81 (15.81 + 0.62) 68.2 1079.9 22.86
2Average of 10 devices
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Figure D-3: Box chart of PCE for 10 devices of each concentration: (a) BA, (b) ITA and (c) TA additives.
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7.1 Conclusions

The increasing quest for clean energy is expected to raise the status of solar energy as
the real competitor of fossil fuels to overcome the societal energy needs. Dye sensitized
and perovskite solar cells have become one of the most promising photovoltaics that has
led the third-generation photovoltaic technologies. This thesis focused to overcome the
limitations of dye sensitized solar cells and discuss the structure property relationship of
metal-free organic photosensitizer dye in the first part. Later, attempt was made to study
crystallization and trap states in perovskite films to improve the performance and stability

of perovskite solar cells mainly through additive engineering.

The first chapter of this thesis discussed the need for energy, a brief history of dye
sensitized and perovskite solar cells development, their device structure and working
principle including different components. Then different techniques used for the
measurement of solar cell performance is explained. Finally, rules to engineering

photosensitizer dye and perovskite is presented.

In the second chapter, effect of fluorine substitution and position on phenylene spacer
in carbazole based organic sensitizers for dye sensitized solar cells was examined. A
detailed study of optoelectronic property and solar cell performance is offered with respect

to the structure property relationship of dyes.

The third chapter dealt with the dye aggregation over the photoanode through
molecular design. The effect of mono- and di-anchoring dyes based on o,m-difluoro
substituted phenylene spacer in liquid and solid state dye sensitized solar cells was
described in this chapter. The molecular properties of the newly synthesized dyes are
discussed and correlated with the photovoltaic performance for both liquid as well as solid
state dye sensitized solar cells. Finally, carrier transport and interfacial charge

recombination in the solar cell devices has been unveiled.

Chapter four demonstrated crystallization and grain growth regulation through Lewis
acid-base adduct formation in hot cast perovskite-based solar cells. An insight on the
crystallization process of perovskite film along with requirements to achieve large grains
and good crystallinity has been provided. The effect of Lewis base concentration in the

perovskite precursor solution on the solar cell performance had been studied.

Chapter five described use of oxalic acid with bifacial carboxylic acid group for

crystallization control of perovskite films. Oxalic acid modulated the crystallization
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process to enable enlargement of grains and minimize the grain boundaries. The detailed
study on how oxalic acid controls the perovskite formation along with device performance

and stability has been given.

Finally, chapter six elucidated the effect of benzene carboxylic acid derivatives in the
passivation of perovskite film. These organic molecules with carboxylic acid group are
effective in achieving good morphology perovskite films with reduced trap states and ion
migration. The strategy to utilize additives for realizing simultaneous passivation of the
defects and improvement of perovskite films morphology had been explained.

7.2 Prospects

Extensive studies on DSSCs have been carried out to solve many issues, such as
absorption ability, light scattering, interfacial contacts and reactions, associated with them.
Different methods developed to improve the performance of DSSCs comprise development
of new photosensitizers with tuned properties, preparation of nanocomposites and
development of state-of-the-art nanostructures for photoanode. These approaches have
made significant advancement in the field of DSSCs. Still, several challenges remain to

further improve the efficiency, stability and to scale up the fabrication.

With regard to photosensitizers, a large number of metal-free organic dyes have been
developed with tuned properties which suits n-type DSSCs. But very less effort has been
made to develop dyes for p-type DSSCs. Further progress in dyes with broad absorption
spectra and a high extinction coefficient, appropriate for p-type DSSC, can also help in
improving the efficiency. With the advancement of p-type DSSC, a boost in the growth of

efficient tandem solid state DSSCs can be achieved.

In terms of perovskite solar cells, tremendous progress has been made on all fronts so
far, but the question still knocking is how far is it from commercialization success? For

further developments, the following strategies and challenges could be considered.

Further improvements in PCE can be achieved by identifying the recombination
processes, both in bulk as well as at interfaces, and through trap passivation. It can be
believed that further understanding of the perovskite composition in structure evolution and
its distribution may lead to improvement in the PCE by curtailing recombination and
increasing Voc and FF.
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The stability of perovskite solar cells becomes more important for the purpose of
commercialization than pushing the PCE higher. The stability of perovskite materials can
be improved in two ways; (i) by increasing the intrinsic structural stability of perovskite
material, and (ii) by increasing the environmental stability through improvement in the
bonding/interaction of the cations (MA+, FA+) with the lead halide. A perovskite with ideal
cubic structure is required for better structural stability. Formation of such cubic perovskite
structures geometrically involves tolerance factor T between 0.97 and 0.99, such as, the
triple cation (Cs/FA/MA)Pb(1/Br)s, perovskite. The solution processed perovskite
fabrication results in many defects and strains in the film. Fabrication of polycrystalline
perovskite films without strain in crystal structure and with desired crystals orientation
along more air-stable crystal facets is anticipated to raise the intrinsic stability of films and
hence the solar cells significantly.

It has been identified that weak interaction organic molecular ions with the inorganic
sub-lattice is accountable for the thermal degradation of perovskites. Therefore, the thermal
stability of perovskites can be further enhanced by developing strategies to strengthen the
interaction between organic cations and the inorganic part. The poor stability against
humidity are being controlled by the use of large size cation to form 2D/3D mixed
perovskites. A deeper study to further understand the interaction of the large cations with
the inorganic sub-lattice (Pbls*) are required. Finally, investigation and development of
other materials used in the fabrication of perovskites (HTL, ETL etc.) and for

sealing/encapsulation should establish a significant step towards overall long-term stability.

Toxicity of lead poses a potential threat to commercialization of Pb-based perovskite
photovoltaics. Although, tin (Sn)-based perovskites have shown the possibility to be used
in solar cells, their stability is far behind the Pb perovskites. Some additives such as SnF,
SnCl,, H3PO> have been found to enhance the stability of Sn perovskites. Further
exploration to understand Sn perovskites might lead to improvement in the performance
and stability of these Pb-free PSCs further.

In summary, the work presented in this thesis demonstrates the strategies to design
metal-free organic dyes for high performance and stability. It also shows the approaches to
prepare high quality organic-inorganic perovskite films with large grains, less grain
boundaries, a smaller number of pinholes, and minimized trap states. These strategies were

designed with the aim to improve the performances as well as stability of solar cells. |
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believe that the developments presented in this thesis will motivate future researchers to

contribute towards highly efficient and stable perovskite solar cells.
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CONFERENCES/SYMPOSIUMS/WORKSHOPS

1. “Carboxylic acid functionalized small molecule assisted passivation of perovskites for
stable and high-performance inverted perovskite solar cells” given oral talk at the 6™
International Conference on Advanced Nanomaterials and Nanotechnology, Centre for
Nanotechnology, IIT Guwahati, Guwahati, Assam, December 18-21, 2019

2. Attended six days “short course on Flexible Electronics” organized jointly by Samtel
Centre for Display Technology, IIT Kanpur and Ministry of Electronics & Information
Technology (MeitY) Govt. of India, Kanpur, UP, July 3-8, 2017

3. “Design, synthesis and DSSC performance of o-fluorine substituted phenylene spacer
sensitizers: effect of TiO, thickness variation” presented poster at the 20" CRSI
National Symposium in Chemistry, Department of Chemistry, Gauhati University,
Guwabhati, Assam, February 3-5, 2017

4. Attended the full agenda of ACS on Campus, IIT Guwahati, Guwahati, Assam, January
16, 2017

5. Attended FICS 2016, Department of Chemistry, IIT Guwahati, Guwahati, Assam,
December 8-10, 2016

6. Participated in 2" National Workshop on NEMS/MEMS and Theranostics Devices,
Centre for Nanotechnology, IIT Guwahati, Guwahati, Assam, March 21-22, 2016

7. “Ultrasensitive Detection of Nitro Explosive—Picric Acid via Conjugated
Polyelectrolyte in Aqueous Media and Solid Support” presented poster at the Research
Conclave’16, IIT Guwahati, Guwahati, Assam, March 17-20, 2016

8. Participated in 68" Annual Session of Indian Institute of Chemical Engineers,
CHEMCON 2015, IIT Guwahati, Guwahati, Assam, December 27-30, 2015

9. Attended 4" International Conference on Advanced Nanomaterials and
Nanotechnology, Centre for Nanotechnology, IIT Guwahati, Guwahati, Assam,
December 8-11, 2015

10. Participated in 2-Day Familiarization Workshop on Nanofabrication Technologies,
Tezpur University, Tezpur, Assam, April 25-26, 2015

11. Attended 3@ International Conference on Advanced Nanomaterials and
Nanotechnology, Centre for Nanotechnology, IIT Guwahati, Guwahati, Assam,
December 1-3, 2013

12. Participated in workshop on Sensors and its Applications, Institute of Advanced Study
in Science & Technology (IASST), Guwahati, Assam, November 15, 2013

13. Attended International Conference on Chemistry: Frontiers and Challenges,
Department of Chemistry, AMU, Aligarh, Uttar Pradesh, March 5-6, 2011
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