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Thesis Abstract

It has become utmost necessary to address the energy crisis and reduce the carbon
emission simultaneously. Therefore, exploration of various renewable energy sources is now
the need of the hour. Among all the renewable energy sources, solar energy is considered to
be the most sustainable owing to its ample availability on the surface of earth. The first and
second generations of solar cell has been already commercialized and is being utilized to
reduce the load on the current method of energy production through fossil fuels. However, to
further consolidate the efforts, commercial utilization of the third and fourth generations of
solution processable solar cells are also important. The organic solar cell (OSC) and
perovskite solar cell (PSC) are the front runners among all the solution processed
photovoltaic technology owing to its various advantages and PCE reaching beyond 18% and
25% respectively. Further, both these solar cells offers ease of fabrication with low-cost and
abundant materials ensuring that they can be significant contributor to commercial

photovoltaic technology in the near future.

This thesis is broadly organized into two parts. The first part (comprising of one
chapter) and second part (comprising of three chapters) focuses on fabrication of OSC and
PSC, respectively. Two techniques have been employed in this thesis work for the fabrication
of solar cells: (i) hot-casting technique in the first two working chapters, and (ii) room
temperature anti-solvent method in the remaining two working chapters. At first, hot-casting
technique is used to develop OSC through regulation of morphology and thickness. Highest
power conversion efficiency (PCE) of 9.13% was obtained for a thick active layer film.
Thereafter, hot-casting technique is again implemented to fabricated mixed-halide PSC by
varying the ration of methyl ammonium bromide in the precursor solution. The modified
PSC resulted in PCE of 18.08% which also displayed large micrometer sized grain and
reduced nanometer sized grain boundaries to minimize the recombination of the photo-
generated charges. Further, trifluoro acetic acid is used as additive in perovskite solution to
regulate the crystallization, minimize ion migration and charge recombination in PSC. As a
result, champion 20.10% PCE was obtained in the modified device. Finally, p-toluene
sulphonic acid is utilized to control the crystallization kinetics of the perovskite bulk and also

passivate the traps. Simultaneously, polystyrene is used to increase the moisture resistance

TH-2676_166153004



and reduce the surface defects of the perovskite films. This dual-passivation strategy resulted

in champion PCE of 20.62% with superior ambient stability.

The efforts made in this thesis highlights the usefulness of various device engineering
to develop OSCs and PSCs to regulate the morphology and crystallization of the photo-active
layer to achieve highly efficient, stable and repeatable solar cells. The thesis provides the

basis for facilitating the commercialization of OSC and PSC in the near future.
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Introduction Chapter 1

Abstract

Today, electricity is one of the basic necessities of human beings. It is required for
our entire daily needs such as lighting, entertainment, cooking food, etc. Even electricity is
an indispensable necessity for improved standard of living demands development through
setting up of new industries and modern transport facilities. However, most of the electricity
produced these days is through fossil fuels which are limited and creates lots of pollution
resulting in many cities turning inhabitable. Thus, there is an urgent need to increase the use
of clean, renewable and sustainable energy sources such as solar, wind, tidal, etc. for
electricity generation. Solar energy has become one of the most promising sources of energy
for production of electricity and has attracted various research groups for its exploration in
various ways. In this introduction chapter, the importance of solar energy exploration has
been discussed. Thereafter, the history of the development of solar cells including the four
generations of solar cells is covered. The various parameters to define the efficacy of any
solar cells device has been explained briefly. Then, the development of organic solar cell and
perovskite solar cell, which are the main focus of this thesis, has been reported. The working
principle, different device architectures and various engineering aspects to improve the
device performance has been discussed elaborately for few types of photovoltaic devices.

Lastly, the chapter ends with a synopsis of the thesis.
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Chapter 1 Introduction

1.1 Overview

With the enhancement in per capita income and lifestyle, energy sector has seen
tremendous growth owing to its increasing global demand at 1.8% per annum. It is expected
that, by the end of next decade, approximately 20 TW of energy would be required to fulfill
all industrial, commercial, agricultural, transportation and domestic usages.' Currently, fossil
fuels such as coal, oil and natural gas are the sources for majority of the energy production
across the world. All these sources are non-renewable in nature and the increasing
consumption will lead to shortage of these sources which in turn would increase the cost per
unit of the energy consumption. Also, fossil fuels offer a major disadvantage by contributing
to greenhouse gases which are leading to global warming and air pollution.” The most
harmful for the environment is the energy production from coal because it has many more
harmful combustion products than other sources of fossil fuels.> * Another disadvantage is
extraction of these fossil fuels which causes accidents and loss of human life.” Currently,
India is fourth in energy consumption among all countries behind Russia, United States of
America and China.® Like all other nations which are thriving to improve its standard of
living, India also depends on fossil fuels for more than 90% for its electricity generation.” As
per a recent report in 2021, India consists of 22 polluted cities among the top 30 polluted
cities in the world and most of them because of very poor air quality index.® This calls for a
paradigm shift for the energy production technology towards renewable sources such
geothermal, nuclear energy, wind, biomass and solar energy which can lead all renewable

energy sources in electricity generation.

Solar energy is one of the best alternate sources of energy to power the earth. With its
renewable nature and approximately 89000 TW striking the surface of the earth every year,
the 20 TW projected energy requirements can be fulfilled by installing solar panels in
~0.02% area of the earth.! To give it a pictorial view, solar panels with area as large as Benin
(a small country in Africa) or Greece will be sufficient to power all energy requirements of
the world ten years later. With respect to Indian perspective, solar panels of the land area of
the state of Telangana or Tamil Nadu or half of Rajasthan will be adequate to energize the
world a decade later. Many countries have come together and agreed upon addressing the

issue through increasing the usage of solar energy to minimize the pollution and global

4
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Introduction Chapter 1

climate change. Till 2017, India has attained 63% of its overall energy sufficiency and using
the remaining 37% through import of direct electricity or raw materials to produce
electricity.” The energy deficit has been planned to be minimized through the use of alternate
sources as per the energy policy of India. Now, with all the villages in the country being
electrified the onus has moved towards confirming that in facilitating each individual with
enhanced standard of living the nature is not polluted further. This can only be done through

the expedition of alternate sources of energy with primary focus on solar energy.

1.2 History of Solar Cells

Solar cells work on the principle of photovoltaic effect and hence are also referred to
as photovoltaic cells. The photovoltaic effect is a process of generation of voltage or electric
current in a photovoltaic cell when exposed to sunlight. It was first demonstrated by a French
physicist, Edmond Becquerel, in 1839.!° Willoughby Smith observed passage of electric
current on selenium in 1873.!" A decade later, in 1883, Charles Fritts developed the first
photovoltaic cell by coating selenium with a thin layer of gold and the device was found to
be ~1% efficient. This was the first rooftop solar cell installed in New York in the year
1884.!2 However, the first report on photovoltaic effect appeared only in 1948 by Kurt
Lehovec. Meanwhile, Albert Einstein projected a new quantum theory of light in support of
photoelectric effect and received the Nobel Prize in Physics for the same in 1921."3 In 1946,
the concept of p-n junction semiconductor solar cell was patented by Russell Ohl while
working on the leads obtained for the development of transistor. Public demonstration of the
first solar cell was only done in 1954 at the Bell Laboratories.'* The first solar cell utilized
crystalline silicon as the photo-active material. For the improvement of device performances
many techniques were being attempted including the passivation of defects. Mohamed M.
Atalia, an engineer from Egypt, showcased the method of surface passivation of silicon by
thermal oxidation to improve the device efficiency in 1957.!° In a year’s time, solar cell
gained enough fame that it was for the first time used in space application along with
Vanguard 1 satellite.'® In the 1970s, amorphous silicon was utilized for the development of
solar cell to cut down on the expenses of producing pure crystalline silicon which was being
utilized for fabricating solar cells. The first organic solar cell was developed in the 1980s and

more than two decades later the first perovskite-based solar cell was reported.!” '8
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Chapter 1 Introduction

1.3 Parameters to Define Solar Cell Performance
1.3.1 J-V Characterization

A typical solar cell device is first tested under illumination (AM 1.5G, 1Sun) using
the current density-voltage (J-V) measurement which enables the determination of PCE."
The current density is recorded by linearly sweeping the voltage across the electrodes to
obtain the J-V curve as shown in Figure 1.1a. The voltage sweeping can be done either in the
forward direction (short circuit to open circuit condition) or reverse direction (open circuit to

short circuit condition). Following parameters are estimated from the J-V curve:

R Maximum power point (mpp)

g E‘ Maximum power point (mpp) g Y PP

2 Jsc 1 N

EN. (@)

2l =

[ S

c o %

a g H

o } o ; 2

= v Voc % R v b

= mpp \ y mpp Q

o A 5 ) ~ A
Voltage, V Voltage, V

Figure 1.1: A typical example of (a) J-V curve and (b) power output versus voltage curve recorded under light
illumination.

Short circuit current density (Jsc)

The short circuit current density is obtained from the J-V curve at zero volt condition.
It 1s the current per unit area that is induced directly due to the photo-generated charges. The
Jse value depends on the absorption properties and bandgap of the active layer, charge

transportation and collection in the complete device.?® J is the maximum current that can be

generated in a solar cell.

Open circuit voltage (Vo)

The open circuit voltage is determined as the potential in the device when the current

flowing inside it is zero. The zero current condition arises when the photo-generated charges

6
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equal the injected charges. It mainly depends on the built-in potential and the band positions

of active layer.?! It is the maximum voltage that can be obtained in a solar cell.
Fill factor (FF)

Fill factor is a parameter which is used to evaluate the deviation of solar cell sample
efficiency from the estimated theoretical maximum power output. High value of FF indicates
good quality of solar cells.?? If the maximum power point (mpp) is known then the FF of a
solar cell can be calculated using equation 1.1.

FF = JmppVmpp (1.1)
]SL‘VOC

Power conversion efficiency (PCE, 1)

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

be expressed as equation 1.2:

Pmax
in = JscVocFE/P;, (1.2)

PCE (n) =

P

The product of photocurrent and voltage at mpp (Jmpp X Vmpp) results in the maximum
power (Pmax) as illustrated in Figure 1.1b. The J-V curve of PSCs often depends on the scan
direction resulting in hysteresis behavior. 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.”
1.3.2 External Quantum Efficiency (EQE)

EQE or incident photon to current efficiency (IPCE) is a ratio of number of photons
absorbed by the active layer to the number of charges (electrons and holes) getting collected
at the electrodes. It is usually measured to confirm the reliability of Jsc obtained from J-V
characterization. The EQE spectrum (Figure 1.2) is obtained by applying monochromatic
light with continuously varying wavelength. The photocurrent at individual wavelength can
be estimated; hence the area under the spectrum gives the integrated Jsc value. EQE of a solar

cell device can be estimated using equation 1.3.
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_ MNelectrons(4) _ Jsc(A)/q _ ﬂ Jsc(A) _ 1240 Jsc(A)
EQE(A) N Nphotons(4) B Pin/hf B qﬂX Pin T2 X Pin (]3)

where, Nelectrons & Nphotons are number of electrons & photons, respectively. Jsc is photocurrent
density in mA cm, q stands for an elementary charge, Pi, 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 (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 (L) over the wavelength of the incoming light.?* 23

300 400 500 600 700 800
Wavelength, nm

Figure 1.2: A typical EQE spectrum of a perovskite solar cell.
1.3.3 Impedance Spectroscopy Measurements

Impedance spectroscopy is a useful technique to track charge transport and
recombination involved in a solar cell. The impedance spectroscopic measurement of a solar
cell 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 to equivalent circuits,
many parameters such as sheet resistance, shunt resistance, charge transport resistance,

recombination resistance, capacitance, and density of trap states can be estimated.?6-8

1.4 Generations of Solar Cell

Photovoltaic technologies have come through decades of evolution and are well

classified into four generations (Figure 1.3). In the first generation, solar cells were mainly
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based on crystalline silicon wafers which are hundreds of micrometer thick. These solar cells
are fabricated using the diffusion process of the crystalline silicon wafers. The highest PCE
using the crystalline silicon have reached 27.6% in single junction and 47.1% in four-
junction devices. Currently, silicon wafer based solar cells are commercially dominant and
account for majority of the terrestrial solar cell industry. The reason for such a strong hold is
its long payback lifetime of 25-30 years. Although this solar cell technology is commercially
most viable still the production of solar grade silicon wafer is very costly, tedious and large
energy consumption process. Also, the thick wafers resulted in heavier solar modules which
restricted its use in space applications. Further, they generate waste in the range of thousands

of metric tons which is increasing every year.?’!

l Generations of Solar Cell |
First Generation Second Generation Third Generation Fourth Generation
(Wafer based) (Thin Film based) (Organic Molecule based) (Hybrid)

Crystalline Si - 27.6% Amorphous Si - 14.0% Organic - 18.2% Perovskite - 25.5%
GaAs-30.5% CdTe-22.1% DSSC-13.0% Quantum Dot - 18.1%
CIGS - 23.4%- Kesterite - 12.6%

Figure 1.3: Classification of four generations of solar cell.

The drawbacks of the silicon wafer usage in solar cells directed the way to the
discovery of thin film based solar cells in the second generation. In this generation
amorphous silicon, CdTe and CIGS are utilized in solar cells fabrication. The cost of
production for obtaining these materials for developing solar cells is less compared to
crystalline silicon and since, thin films are used to generate electricity the photovoltaic cells
were much cheaper than the first generation solar cells. The second generation solar cells
also has comparable payback lifetime as the crystalline solar cells, but the PCE has only
reached 14.0%, 22.1% and 23.4% for amorphous silicon, CdTe and CIGS, respectively.
Since, thin films were being used in the development of the solar cells; the modules are light
weight and finds majority of the application in space application. This materials used in the

second generation are scarce elements and obtaining pure form of the materials involves
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costly process as well as consumes lot of energy. Further, the waste generated from the solar

modules is polluting not only earth, but also creating tons of garbage in space.>??*

Thereafter, the focus shifted towards having eco-friendly and inexpensive active
materials in the third generation solar cells. In third generation, organic materials such as
small materials and polymers are being used in the active layer of the solar cells. Polymers
were considered as insulators until, in 1976, Alan J. Heegar, Alan. G. MacDiarmid and
Hideki Shirakawa displayed that polyacetylene when halogenated improves conductivity by
several orders.*® They received the Nobel Prize in Chemistry for this excellent discovery in
the year 2000.%” Many conducting organic molecules were developed and they displayed
similar optical and electrical properties as that of inorganic materials that were being used for
solar cells in the first two generations. This led to many organic materials being utilized as
active layer for polymer/organic solar cells (OSC) and Dye-sensitized solar cells (DSSC).**
39 These solar cell technology do not form the conventional p-n junction in the device and
offers an advantage of being processed using the solution-processable technique and the cost
of production is very low. They can also be fabricated on flexible substrates and hence, large-
area roll-to-roll solar modules can be developed. Further, these solar cells can be easily
disposed and the substrates can be recycled for future use. Since, the cost of material
development and device fabrication is very less the payback lifetime for the third generation
solar cells are estimated to be much shorter than the previous two generations. However, the
growth of these solar cells is limited by its PCE and stability. The highest PCE of 18.2% and
13.0% has been achieved for OSC and DSSC, respectively. On the other hand development
of third generation solar cells with stability of a few years is still a challenge and draws a lot

of interest from various academicians and industries.*? 4!

Finally, fourth generations of solar cells witnessed the utility of hybrid materials such
as organic inorganic perovskite, quantum dots-organic, nanoparticle-organic (plasmonic)
heterojunction and kesterite as active layer.*** These low-cost materials also enable
fabrication of solar cells on flexible a mechanically robust substrates. Perovskite solar cells
(PSCs), in general, displayed characteristics similar to that of inorganic materials that were
being employed in the first two generations of solar cells. Even though the stability is an

issue, this fast growing technology in the field of solar cells has PCE reaching from 3% to
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over 25% within a span of just over a decade. This solar cell is being tried for various
commercial applications by improving its stability. Already, few reports suggest that fourth
generation solar cells can be useful for space applications with short term target. The fourth
generation solar cells also boast of low payback lifetime, and once the stability is
significantly improved to few years this photovoltaic technology can evolve as the best

alternative to inorganic solar cells.*®

This thesis covers the fabrication of OSC from third generation and PSC from the
fourth generation of solar cells. Hot-casting technique was used to fabricate OSC and PSC in
the second and third chapters, respectively. The room-temperature anti solvent method was

used to develop PSC in the fourth and fifth chapters.

1.5 Organic Solar Cell (0SC)

OSC belongs to the third generation of solar cells and involves organic
semiconductors (polymers or small molecules) as the light absorbing photo-active layer.
Generally, the organic molecules associated in the fabrication of OSC can be easily
developed at very low cost and the choice of materials is available in plenty. Solution-
processing technique is mostly used in the fabrication of OSCs, making the development
process even cheaper even for large volumes and area. This solar cell can be fabricated on
flexible substrates and hence, is much lighter in weight compared to its silicon counterpart.
Since, the materials used can be easily disposed its large scale commercialization is most
likely to reduce the pollution caused by the inorganic solar cells.*”> *® OSCs utilize either a
donor material (p-type) or an acceptor material (n-type) or both in various configurations as
active layer. A single layer OSC consists of an organic semiconductor sandwiched in
between two contacts one with higher work function and the other slightly lower work
function to create the built-in potential so that the photo-generated charges can easily diffuse
and gets collected at the electrodes. However, the single layer OSC offers a disadvantage of
recombination of the photo-generated excitons, which are bounded holes and electrons, as
their diffusion length is small and the charges recombine without reaching the electrode. The
built-in potential is not enough to draw the charges towards electrodes, hence very low
PCE<1% is achieved in single layer OSCs.*” *° Following this drawback, bilayer OSCs

(planar heterojunction OSCs) were fabricated where two layers, one donor and one acceptor,
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was sandwiched in between two electrodes. Different electron affinity and ionization
energies of the donor and acceptor materials allowed generation of an electrostatic force at
the interface. The excitons that are photo-generated near the interface can be easily separated
and collected at the electrodes. However, the snag in this system was that the excitons
generated away from the interface still recombined and was a loss in the photovoltaic
devices. Thus, the thickness of each layer became very important in fabrication of planar
heterojunction devices. Initially, the PCE was limited in bilayer OSCs, but with the
development of new donor and acceptor materials the PCE has crossed 14%.°!"® The
shortcomings of these two junction types lead to the bulk heterojunction (BHJ) OSCs where
the donor and acceptor materials are mixed in a fixed ratio in the solution form before
utilizing it to coat the active layer.>*>° This technique formed a nanoscale domain of the
donor and acceptor materials in the film which allowed the excitons to separate at each
interface easily and the loss is minimized. Among all the junction types, BHJ is most popular

and PCE >18% has been achieved.

1.5.1 Working principle

The working principle of an OSC involves six important processes for converting the
photon energy into electricity (Figure 1.4). The steps are: i) absorption of photons and
excitations, ii) generation of excitons, iii) diffusion of excitons at the donor-acceptor
interface, iv) formation of polaron, v) charge dissociation, and vi) charge transport and
collection. Each steps needs to be taken care of to maximize the utility of light energy and
minimize the losses to ensure high PCE of the photovoltaic device. On illumination, OSC
absorbs photons from light and the active layer is excited. Thereafter, unlike inorganic solar
cells, excitons are formed in the active layer which displays a binding energy of 0.1-1 eV.
These bounded hole-electron pairs in the form of excitons diffuses to the interface of the
donor-acceptor materials where the holes and electrons are separated. If the excitons do not
diffuse to the interface the photo-generated excitons are lost through non-radiative
recombination. Once the excitons reach the interface, electrons moves towards the acceptor
material and donor stays in the donor forming the polaron. The charges in polarons can now

be easily dissociated and the holes moves deeper in the donor material, whereas the electrons
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moves deeper in the acceptor. Finally, the holes and electrons are collected at the anode and

cathode, respectively.’”®

P+-—-
L

~—~

Acceptor

~
~
~
S~

Counter Electrode

Figure 1.4: Working principle of organic solar cell.

Figure 1.5: OSC device architecture (a) conventional, and (b) inverted.

1.5.2 Device architecture

All the OSC fabricated follows two kinds of device architecture: (i) conventional, and
(11) inverted as presented in Figure 1.5. The inverted device architecture was discovered first
where transparent conducting oxide (TCO) is used as anode and a metal counter electrode as

cathode. The photo-generated holes gets transported towards and collected at TCO, where the
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electrons moves towards and gets collected at metal. However, later the flow of charges was
reversed based on the selection of materials for appropriate band alignment so that the
electrons gets collected at the TCO and holes at the counter metal. Thus, TCO acted as
cathode and metal electrode was anode. Since, the direction of the charges were reversed,

hence the name inverted device architecture. Similar charge transport mechanism is followed

59

in both the device architectures.

Figure 1.6: Most commonly used donor acceptor materials for OSC.

In both the device architectures various components are used namely: (i) anode, (ii)
hole transport layer (HTL), (iii) active layer, (iv) electron transport layer (ETL), (v) buffer
layer, and (vi) cathode. The conventional devices uses indium doped tin oxide (ITO) as
anode, but some low work function metals such as copper or gold as used as anode in
inverted devices. PEDOT:PSS is the most common HTL used in OSC for conventional
devices. However, for conventional devices MoOs3 is the most utilized HTL.®® The active

layer for both the device architecture consists of donor and acceptor materials either
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separately for bilayer devices or blended together in some ratios for BHJ devices. The most
common donor materials for OSCs are P3HT, PTB7, PTB7-Th, PBDB-T, etc. The fullerene
based acceptors like PCs1BM and PC71BM are mostly used. However, recently some non-
fullerene acceptors such as ITIC, IDIC, etc. have gained popularity.>® A separate ETL is
generally not used in conventional OSCs, but for inverted devices transparent metal oxides
such as zinc oxide, tin oxide, titanium oxide, etc. are used.®! Buffer layers are used in OSCs
to further increase the transport and collection of the photo-generated charges either through
band alignment or through quantum mechanical tunneling. Organic buffer layers commonly
used in OSCs are bathocuproine (BCP), Bathophenanthroline (BPhen), etc. and metal buffer
layers include calcium, magnesium, etc.%’ Finally, for cathode metal counter electrodes such
as aluminium and silver are used for conventional devices, but for inverted devices TCOs are
only used as cathode. Most commonly used active layer materials used as donor and acceptor

in OSC are presented in Figure 1.6.

1.5.3 Engineering Organic Solar Cells

With the discovery of conducting polymers in 1977, the field of OSC has displayed
the ability to bring down the cost of photovoltaic and also reduce the waste generation due to
the inorganic solar panels. OSCs can be fabricated on low-cost solution-processable
technique and can be easily integrated on flexible substrates. Short payback lifetime is
another major advantage of OSC. Thorough materials and device engineering have resulted
in PCE reaching beyond 18%. The most common technique to achieve good performance in
an OSC device is to vary the ratio of donor and acceptor material in the blend solution for
depositing the BHJ active layer. Modulating the ratio of donor and acceptor materials result
in optimum domain size in nanoscale for smooth diffusion and transport of the photo-
generated charges.® %* Fabrication of ternary OSC through introduction of a third component
(either a donor or an acceptor) bearing complementary absorption also tunes the morphology
of the active layer and improves the device performance.®> ® The active layer is further
annealed, if required, for the removal of excess solvent from the film. Solvent vapor
annealing is another approach that has improved the morphology of the active layer further
and improved the solar cell PCE.” It has been also observed that annealing, at times, leads to

degrading the active layer and hence, the device performance drops. In those cases, the
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annealing technique is replaced by high vacuum treatment of the active layer for removal of
excess solvent from the film.%® The transport materials have been also modified to find the
adequate band alignment for the smooth collection of charges at the electrodes.®” The
processing of blend solution using various green solvents has also reduced the pollution and
health issues due to the halogenated solvents. The desirable nanoscale morphology of the
active layer processed using green solvents has been also achieved and the performance of
the solar cell device has not been compromised.’® Introduction of additives have also acted as
morphology modifier and a small percentage have also improved and stabilized the solar cell

performance.’!

As mentioned before, that since annealing sometimes restricts the charge transport
process by hampering the morphology, hence various other methodology have been
attempted to improve the device performance especially in PTB7 and PTB7-Th based OSCs.
One very effective technique is cooling a hot ink method where the blend solution is heated
for adequate mixing of the donor and acceptor and cooling it down to a lower temperature
before coating at room temperature.’” The PCE of the device improved compared to the one
which was processed through annealing. Another approach is hot-casting technique using
which the blend is coated on a pre-heated substrate and do not require further annealing for
evaporation of the excess solvent to achieve PCE >9%. Modulation of thickness and
morphology took place by varying the hot-casting temperature. It has also been observed that
annealing the active layer after hot-casting may also improve the device performance

slightly.”® 74

Large-area and thick active layer OSCs have also been displayed by various device
engineering. Techniques such as doctor blading, ink-jet printing and spray coating are very
effective in fabricating large-area, flexible OSCs. The possibility of developing an OSC on a

fabric has also been displayed.”>"”’

1.6 PerovsKkite Solar Cell (PSC)

PSCs belong to the fourth generation of solar cells and include materials in the active
layer bearing similar crystal structure to that of CaTiOs. The material is named after the

famous Russian mineralogist L. A. Perovski.”® The light harvesting material used for solar
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cell application is mostly hybrid organic-inorganic lead or tin halide-based material.
Recently, all inorganic perovskite materials are also being utilized in fabrication of solar
cells. Similar to CaTiOs, the photo-active material for PSC follows the ABX3 crystal
structure where A and B are cations and X is an anion (Figure 1.7). In a perovskite crystal, B
and X will form a regular octahedron, BXe, with B in the centre and A is present in the cube-
octahedral void. The material offers the many advantage such as ambipolarity, wide range
absorption, long diffusion length, long carrier lifetime, tunable bandgap. Alike OSCs, PSCs
are also fabricated mostly using solution processing technique which makes this solar cell
technology inexpensive.** ™ 8 The most common perovskite material used for solar cell
developments is methyl ammonium lead halide (MAPbX3). This was first used as sensitizer
in DSSC in 2009 and resulted in a PCE of 3.8%.'® Various developments over the last decade
has resulted in PCE reaching beyond 25% and is well competing with single junction silicon

solar cell.’!

Even PSCs on flexible substrates have demonstrated high efficiency >20%
making this photovoltaic technology lighter in weight compared to the inorganic
counterpart.®? Generally, the active layer of a solution-processable PSC is developed from a
precursor solution consisting of organic [methyl ammonium iodide (MAI), formamidinium
iodide (FAI), etc.] and inorganic [lead iodide (Pbl,), tin iodide (Snl»), etc.] materials in fixed
ratio. These materials are made soluble in solvents such as dimethylformamide (DMF), v-
Butyrolactone (GBL), dimethyl sulfoxide DMSO, etc. All inorganic perovskite solar cells

consists of cesium iodide (Csl) instead of the organic molecules.

Figure 1.7 Scheme of perovskite crystal unit cell (a) A-cation centered and (b) B-cation centered.
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Counter Electrode

Figure 1.8: Working principle of perovskite solar cell.

1.6.1 Working Principle

Identical to silicon solar cell, the working principle of a PSC involves three important
processes for converting the photon energy into electricity (Figure 1.8). The steps are: 1)
absorption of photons and excitations, ii) generation of charges, iii) charge transport and
collection. On illumination of the solar cells, holes and electrons are generated due to
absorption of the photons. The photo-generated holes move to the HTL through the HOMO
level, whereas the electrons move towards the ETL through the LUMO level. Finally, these
charges are collected at the respective electrodes. There is some debate regarding the
formation of excitons instead of free electron-hole pairs. Few reports suggest that the lower
dimensional PSCs have excitonic charge transport. Hence, in these cases first the excitons are

broken into free charges and then the remaining process follows. 53

Figure 1.9: PSC device architecture (a) mesoscopic, (b) planar conventional and (c) planar inverted.
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1.6.2 Device Architecture

The device architecture of PSCs is broadly classified into two types: (i) mesoscopic
structure and (ii) planar heterostructure structure as presented in Figure 1.9. The mesoscopic
structure facilitates infiltration of perovskite into a metal oxide layer which is mesoporous in
nature. However, the ambipolarity of the perovskite material is not explored completely in
this architecture. Hence, the planar heterojunction PSCs were fabricated to probe the
ambipolar nature of perovskite. The planar devices are sub-classified into two types: (i)
conventional (n-i-p) and (ii) inverted (p-i-n). If an n-type contact is present towards the TCO
then it is said to be conventional planar device, while a p-type contact with TCO defines an
inverted planar device. All the device architectures follow similar charge generation,

transport and collection mechanism as explained in the working principle of PSCs.%* %

The components of PSCs of varied architecture are classified similar to OSCs as: (i)
anode, (i) hole transport layer (HTL), (iii) active layer, (iv) electron transport layer (ETL),
(v) buffer layer, and (vi) cathode. The mesoscopic and conventional devices use some low
work function metals such as copper or gold as used as anode, while the inverted devices
uses TCO such as fluorine doped tin oxide (FTO) or ITO as anode. Spiro-OMeTAD is the
most common HTL used in mesoscopic and conventional devices. Since spiro-OMeTAD is
expensive, many conjugated organic materials are also used as HTL in mesoscopic and
conventional devices. For the inverted device, PEDOT:PSS and few conjugated
polyelectrolytes are the most common HTLs that are being utilized. However, recently
inorganic HTL such as NiOx has been also explored for PSCs with improved device
performance.®® 87 The most commonly used single cation perovskite for active layer in PSCs
is MAPbX; or FAPbX3 or CsPbX3. However, double and triple cation perovskites (consisting

of MA", FA" and Cs" in varying ratios) have also garnered interest.®

Mesoporous titanium
oxide is the most common ETL used in mesoscopic architecture. In the conventional devices
titanium oxide or tin oxide are commonly used as ETL, while the inverted devices utilizes
PC¢1BM or fullerene (Cgo) as ETL.2*! Like the OSCs, buffer layers are also used in PSCs to
further increase the transport and collection of the photo-generated charges either through
band alignment or through quantum mechanical tunneling. Buffer layers commonly used in

PSCs are BCP, Rhodamine-101, etc.®® Finally, for cathode TCOs are only used in
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mesoscopic and conventional devices, while for inverted devices metal counter electrodes

such as aluminium and silver are used as cathode.

1.6.3 Engineering Perovskite Solar Cell

PSCs have fascinated tremendous research interest in the field of photovoltaic
technology. As already discussed before, this is due to the attractive optoelectronic properties
that perovskite materials have facilitated in demonstrating PCE beyond 25% in solar cell
devices. Still, the devices fabricated from the perovskite materials show stability only in the
range of few hours to few days and are yet to compete with the inorganic solar cells based on
the lifetime. The trap states present in the perovskite tends to accelerate the degradation
process when exposed to heat, light, oxygen or UV radiation.”?® With PCE almost nearing
the Shockley-Queisser limit, the complete focus has now mostly shifted to fabricating solar
cells with improved stability under ambient conditions.”’!® The first and foremost
prerequisite to have some stability in PSCs is to fabricate perovskite films with improved
crystallinity. The traps present in the perovskite crystals tend to reduce the stability. Also, the
perovskite film quality is observed to increase the performance of the device.!’!'®® Many
techniques such as anti-solvent method, hot-casting, vacuum treatment, compositional
engineering, etc. have been developed to improve the quality of perovskite films and increase
its crystallinity.!*!%” Obtaining large sized crystalline grains with minimum width of grain
boundaries is also a pre-requisite to further augment the stability and performance of the
devices. Perovskite films with millimeter-sized grains and nanometer-sized grain boundary
width have been developed to ambient stability of the device.!® Another effective strategy to
reduce the trap density of perovskite is introduction of organic molecules as passivating
additive (Figure 1.10) in the precursor solution.!® ! These molecules interact with each
components of the precursor solution and control the crystallization process from the initial
stages. The functional groups present in the organic molecules passivate the defects present
in the perovskite layer and mitigate ion migration arising due to the presence of defects. It
has also been observed that the organic molecules are coated on top of the perovskite films
for adequate surface passivation. Both these techniques also result in reduced hysteresis in

the forward and reverse scans of the current-voltage characteristic curve.
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Another strategy to increase the stability of PSCs is to reduce the dimensionality of
the perovskite crystal. The two-dimensional (2D) Ruddlesden-Popper and Dion-Jacobson
perovskites have engrossed researchers to fabricate solar cell devices with even longer
stability. The 2D perovskites are formed by combining large organic cations such as phenyl-
ethyl ammonium (PEA), and butyl ammonium (BA) with the other components in the
precursor solution. However, the PCE have only reached ~20% using these 2D perovskites
due to quantum confinement effect.!'*!"” Thereafter, formation of 2D/3D interface in the
perovskite film has been attempted. This device engineering confirms the efficient charge
transport property of the 3D perovskite and enhanced stability of the 2D perovskite. This
technique has facilitated PSCs to display more than one year stability without losing much on
PCE.!"® Another problem with PSCs is the lead (Pb) content as even a small amount of Pb
exposure may result in severe health issues in human being including death. Thus, focus has
now shifted to fabrication of Pb-free or Pb-less PSCs. The Pb-free (tin-based) PSCs have
resulted in PCE ~10% and Pb-less (or less-Pb) PSCs have reached ~19% PCE.!!-123
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Figure 1.10: Commonly used organic passivating molecules used in PSC.
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Upscaling of PSCs has also been a challenge as depositing defect free large-area
perovskite films have been difficult. However, with various technology developments such
as doctor blading, inkjet printing and spray coating large-area PSCs in the order of a few m?
have been successfully demonstrated. PSCs have also been fabricated for various purposes

including space application.'>*1%7

1.7 Thesis Synopsis

Considering the global energy crisis and the demand to explore solar energy in large
scale, the inspiration of this thesis was the development of sustainable high performance
OSCs and PSCs for capturing the clean energy from the sun. The first working chapter of the
thesis covers implementation of hot-casting technique to achieve thick film for OSC. Next
chapter onwards fabrication of PSCs have been covered through various device engineering.
Controlled crystallization process of the perovskites in each chapter has been explained in
detail. The outcome has been defect-free perovskite films for solar cell applications. Large-
area solar cells have also been fabricated to showcase the possibility of accepting these
device engineering techniques for future commercialization. The results achieved in this
thesis work are divided into next four chapters. Lastly, a summary and future prospect is

presented. A concise synopsis of each chapter is given below:

Chapter 2 demonstrates the fabrication of OSC using the hot-casting technique through
the modulation of morphology and thickness of the PTB7-Th:PCBM based active layer. The
solar cell hot-casted at 40 °C displayed the highest PCE of 9.13%, while the device
fabricated at room temperature displayed the highest PCE of 8.02%. It was noticed that
increasing the hot-casting temperature resulted in higher thickness of the active layer. The
moderate hot-casting at 40 °C displayed an average thickness of 133 nm which increased
from 99 nm for room temperature coated active layer. Even the active layer coated at 70 °C
showcased comparable PCE at an average thickness of over 180 nm. The modified device

displayed reduced recombination and improved charge carrier mobility.

Chapter 3 deals with the hot-casting technique in the fabrication of mixed-halide
perovskite solar cells. The ratio of three halides was optimized strategically to form micro-

meter sized crystalline film with nano-meter sized grain boundary. Also, the ion migration
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was minimized by replacing the free iodine vacancy using the bromide ion. Highest PCE of
>18% was obtained by minimizing the defect density. This technique was also utilized to
fabricate large-area solar cell which displayed an efficiency of ~17% with retention factor of
93%. This halide-engineering combined with hot-casting technique can facilitate large-scale
solar module commercialization. The best device retained almost 85% efficiency when
placed under ambient conditions due to reduction of grain boundaries which acts as

recombination centers.

Chapter 4 showcases the use of an organic molecules trifluoro acetic acid (TFAA)
containing the fluoro and carbonyl groups in passivating the defects in the perovskite film.
Thus, various concentrations of trifluoroacetic acid were introduced in the perovskite
precursor solution and solar cells were fabricated at room-temperature conditions using the
one-step anti-solvent technique. The grain size of the modified film increased and higher
crystallinity was displayed for the TFAA incorporated films. Highest power conversion
efficiency of >20% was obtained in this work. The perovskite films were optimized for
crystallinity and grain size to minimize the recombination loss due to the defect states. For
predefining the role of each functional group solar cells were also fabricated with only acetic
acid and efficiency of ~16% was reached confirming both functional groups passivated the
defects in the perovskite to obtain ambient stable perovskite solar cells. The TFAA-modified

device also disclosed reduced recombination and improved charge transport.

Chapter 5 describes a novel strategy of dual-passivation of perovskite using p-
toluenesulphonic acid (PTSA) and polystyrene (PS) to minimize the defects at the bulk and
surface, respectively. The concentration of each was systematically optimized to produce the
best film with largest grain size and highest crystallinity. Anti-oxidant PTSA and
hydrophobic PS together improved the stability of the solar cell device and retained 93%
efficiency after 1000 hours of exposure to the ambient conditions. The highest power
conversion efficiency obtained >20.5% and the large-area device displayed an efficiency of
~18.5% with a retention factor of approximately 90%. Mitigated recombination of photo-
generated charges along with improved charge transport was observed for dual-passivated
device. This can also be a very nice technique for adaptation to commercialize perovskite

solar cells.
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Chapter 6 covers the conclusion and future prospects of the thesis. A concise review of
the all the research works is presented along with the future development scope towards

commercialization of organic and perovskite solar cells.
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Chapter 2

Regulating Active Layer Thickness and
Morphology for High Performance Hot-casted

Organic Solar Cells

Temperature (°C) RT 40 50 60 70
Thickness (nm) 99 133 149 165 183
PCE (%) 8.02 9.13 8.78 8.58 7.86
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Manuscript: Ritesh Kant Gupta, Rabindranath Garai, Mohammad Adil Afroz, Parameswar
Krishnan lyer, “Regulating Active Layer Thickness and Morphology for High Performance
Hot-casted Polymer Solar Cells”, J. Mater. Chem. C, 2020, 8, 8191-8198.

Patent: Parameswar Krishnan Iyer, Ritesh Kant Gupta, Mohammad Adil Afroz,
Rabindranath Garai,”A High Efficiency Polymer Solar Cell and a Process for Fabricating the
same”, 2020, Ref. No. 201931019186, Appl. No. 201931019186 A.
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Hot-casted Organic Solar Cell Chapter 2

Abstract

Thick films of active layer (Polymer:PCBM blend) are required to harness maximum
amount of sunlight and to achieve higher efficiencies in organic solar cells (OSCs). However,
realization of thick films along with desired morphology of the active layer is very
challenging. Herein, thick films with optimum morphologies have been precisely obtained
using hot-casting technique. Superior active layer morphology supports better charge
transport. The photovoltaic properties of OSC fabricated with PTB7-Th:PC71BM using the
hot-casting technique were thoroughly studied. A significant increase in power conversion
efficiency to >9% was observed for the solar cells fabricated at 40 °C compared to the one
fabricated at room temperature, which displayed an efficiency of ~8%. The main reason for
this improvement was the increased thickness of the active layer that facilitated better light
absorption and therefore resulting in enhanced short circuit current density. In addition, the
devices fabricated at 40 °C exhibited very low rms roughness enabling better charge
transport in the device. The recombination studies and mobility estimation were also
performed through impedance spectroscopy and SCLC technique, which gave a clearer
insight of the hot casting method. The outcome of this moderate hot-casting technique to
achieve low roughness morphology in thick active layer was very promising as this would be

a possible breakthrough technique in the manufacturing of highly efficient OSC.
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Chapter 2 Hot-casted Organic Solar Cell

2.1 Overview

Polymer/organic solar cells (OSCs), involving a polymer donor and a fullerene or
non-fullerene acceptor blend, has drawn great attention as a possible potent candidate for the
future photovoltaics. The flexibility, transparency, lightweight and the ability to be processed
through printing or spin coating techniques are the main advantages of OSCs which led them
to gain focus of various researchers across the world.!> The power conversion efficiency
(PCE) of OSCs has also shown an upward trend since its discovery. Recently, PCE of 18%
has been reported, which is very competitively compared with the commercially available
silicon solar cell.*” However, improvisation of photovoltaic parameters such as the short
circuit current density (Jsc), open circuit voltage (Voc) and fill factor (FF) is necessary for
the wide utility of the OSCs in real time application. The desired results can be achieved by
regulating the morphology of the active layer by varying the parameters such as thickness
and annealing temperature etc.> ° In addition, few reports mention that both device

performance and stability was improved by incorporation of various interfacial layers.!*!6

One of the restraining factors for attaining high performance OSC is the Jsc which
depends on the bandgap of the donor material, thickness of the active layer and charge
transport through the device. For achieving higher Jsc values, extensive research has been
carried out to design and develop various low bandgap donor materials. Among the donors,
PTB7-Th has become one of the most important discoveries recently with the PCE reaching
>10% in combination with PC7iBM as an acceptor in a single junction OSC.!”2° The
interaction of PTB7-Th has been thoroughly studied with fullerene as well as various non-
fullerene based acceptors to achieve desirable PCEs.?!° Also, the possibility of PTB7-Th in
ternary and tandem OSC has been investigated by various groups.?’>? Morphology
dependence study for improved PCE in PTB7-Th: PC71BM as an active layer has been
explored by modulating the annealing temperature and annealing time.” ** Morphology
control of active layer has been also carried out by different solvent engineering, varying the
concentration of PCBM loading and introducing additives like DIO, DPS, etc.? 2% 34! In all
these cases, it has been very closely observed that annealing the active layer at >70 °C
deteriorates the morphology hampering the charge transport and thereafter, reduces the PCE.
Additionally, there is a report which suggests that cooling the active layer blend (referred to
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as ink) to 40 °C from 80 °C improves the PCE by optimizing the film morphology.** A
recent work also reports about the effect of PCBM loading on the morphology and charge
transport which proves that the device having 1:1.5 ratio of PTB7-Th:PC71BM displays the
best performance in solar cells.?’ Researchers have also focused on increasing the thickness
of the active layer and retaining the overall PCE of the solar cells. Over 10% PCE was
obtained for the active layer thicker than 200 nm, making it quite a prospect for
commercialization. These reports suggest that thick films of active layer with good
morphology are prerequisites for high efficiency OSC. Attaining thick film with conventional
methods, such as by increasing the solution concentration or by spin coating at reduced

speed, results in poor morphology.® 3

Motivated by recent reports on hot casting method to fabricate perovskite solar cell

d,** we used this technique to achieve thick active layer with

where dilute solution was use
good morphology. The influence of hot-casting on the morphology and thickness of the
active layer consisting of PTB7-Th: PC71BM blend and thereby its effect on the device
performance has been studied. The 40 °C active layer hot-casted solar cell displays the
highest PCE of 9.13% with Jsc of 17.82 mA ¢m™, Voc of 0.822 V and FF of 62%. The PCE
was improved from the solar cell fabricated at room temperature (RT, ~27 °C), which
showed the highest PCE of 8.02%. This was achieved by regulating thickness and
morphology of the active layer film during the hot-casting process. This approach is the first

report which reveals the hot-casted OSC advantages to the best of our knowledge.

2.2 Experimental Section
2.2.1 Materials

PEDOT:PSS (PVP Al 4083) was obtained from Clevios. ITO substrates (15 Q o)
and PC71BM (>99.5 %) were obtained from LUMTEC. Chlorobenzene (HPLC, purity
99.9%), Calcium (purity >99.99%) and Aluminium (purity >99.99%) were procured from
Sigma Aldrich. PTB7-Th was synthesized thermally earlier in our laboratory.*

2.2.2 Device Fabrication

A patterned ITO substrate is taken and sequentially cleaned with soap water, DI

water, acetone and isopropanol and thereafter, dried with N2 gas flow and treated with UV-
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03. On the cleaned substrate PEDOT:PSS is deposited through spin-coating at 3000 rpm for
45 s to facilitate proper hole transport in the device. Thereafter, the substrate is annealed at
120 °C for 20 minutes. PTB7-TH and PC71BM was mixed in the weight ratio 1:1.5 in
chlorobenzene in the concentration 25 mg ml-1 to prepare the blend solution. Then, the
substrate is brought down to a lower temperature to set the hot-casting temperature. Later, the
active layer blend is spin-coated at pre-heated substrates kept at various temperatures.
Methanol treatment was done on the active layer for achieving better morphology. Lastly,
calcium and aluminium were thermally evaporated (pressure ~ 10°® mbar) to complete the

device.

2.2.3 Characterization

UV-vis absorption spectroscopy (PerkinElmer Lambda-35) and atomic force
microscopy (AFM, Agilent 5500-STM) were carried out on the active layer. All the current
densities versus voltage curves were measured using a Keithley 2400 source meter in argon
atmosphere. The illumination study to -calculate the photovoltaic parameters and
recombination factor were carried out under a Newport solar simulator (Oriel Sol 3A, AM
1.5G, 100 mw cm) using a shadow mask of 6 mm? under argon atmosphere. For external
quantum efficiency measurement an Oriel IQE-200 instrument was used in ambient
condition. CH Instruments 760D was used in the measurement of impedance spectroscopy.
Thickness of the samples was measured using Dektak 150 profilometer. Grazing-incidence
X-ray Diffraction (GIXRD) measurements were performed at Anton Paar in SAXSpoint 2.0
instrument with microsource (A = 0.1542 nm) and an 2D EIGER R 1M hybrid photon
counting (HPC) detector with 75 pm? pixel size. The X-ray incident angle was fixed at 0.18°

to maximize the diffracted signal and minimize the background from substrate scattering.

2.3 Results and Discussions

The UV-vis spectra of the blend films coated using hot casting technique at various
substrate temperatures are illustrated in Figure 2.1a. It was observed that the absorbance of
the films increased with increasing substrate temperature. Distinguishable change in
absorbance was observed as the substrate temperature increased moderately from RT to 40

°C. However, on increasing the temperature further to 50 °C, 60 °C and 70 °C the increment
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in the absorbance was very moderate. To analyze the reason for this increase in absorbance,
thickness profiles were studied (Figure 2.1b). It was observed that as the film fabrication
temperature was increased from RT, the average thickness of the films also increased.
Average thickness of 99, 133, 149, 165 and 183 nm was found for films coated at RT, 40 °C,
50 °C, 60 °C and 70 °C, respectively. The hot-casted films displayed better uniformity
compared to that of RT films.
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Figure 2.1: (a) Absorbance of blend films coated at various temperatures, (b) variation of active layer thickness
with hot-casted temperature and (c) normalized absorption to show decreased crystallinity and increased

fullerene loading.

It is also noteworthy to observe in the UV-Vis spectra of the films that the first peak
due to PTB7-Th is slightly blue shifted from 642 nm for RT to 639 and 635 nm for 40
°C and 70 °C respectively (Figure 2.1c). This may be due to the decrease in

crystallinity of the hot-casted films. Likewise, peak intensity at around 475 nm related
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to PCBM was enhanced compared to PTB7-Th peak confirming increased domains of

PCBM in hot-casted films.?°
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Figure 2.2: 2D GIWAX images of films for (a) RT, (b) 40 °C, (c) 70 °C, 1D GIXRD profile of films (d) in

plane and (e) out of plane.

The crystallinity of the films was further verified using the GIWAX 2D plots. It can
be clearly seen in the 2D plots (Figure 2.2a-c) that the concentric rings are not very discrete
in any of the cases, but on increasing the hot-casting temperature of the films to 40 °C and 70
°C the rings become more diffused. This is in accordance with the crystallinity explained
using normalized UV-vis spectra through Figure 2.1c. Also, the lamellar spacing was
calculated for the films using the in-plane 1D line cut profile presented in Figure 2.2d. The
lamellar spacing was found to be 2.26, 2.32, 2.52 nm for RT, 40 °C and 70 °C films
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respectively. It may also be noted from the in-plane line cut profile that the intensity of the
peak is similar for RT and 40 °C, but reduces drastically for 70 °C confirming the degree of
crystallinity has reduced for films coated at higher temperature. n-r stacking distance was
calculated from the 1D out-of-plane line cut profile (Figure 2.2e) and it was found to be

~0.47 nm for all the three films.
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Figure 2.3: AFM images of blend films coated at (a) RT, (b) 40 °C, (c) 50 °C, (d) 60 °C, (e) 70 °C, (f) variation

of roughness with hot-casted temperature.

To understand the role of hot-casted temperatures on the surface morphology of the
blend films, AFM study was carried out and the same is given in Figure 2.3a-e. The RMS
roughness versus hot-casting temperature plot is presented in Figure 2.3f. It can be observed
from the curve that the RMS roughness reduced from 1.013 nm for RT to 0.657 nm for 40
°C. On further increasing the temperature the RMS roughness increased to 0.748 nm, 1.028
nm and 1.115 nm for 50 °C, 60 °C and 70 °C, respectively. Thus, it was expected that the

solar cell fabricated at 40 °C will have better charge transport.

To verify the effect of the hot-casted films on the performance of solar cell, devices

were fabricated as per the schematic shown in Figure 2.4. The active layer blend was coated

39
TH-2676_166153004



Chapter 2 Hot-casted Organic Solar Cell

on pre-heated substrates at different temperatures between 40 °C and 70 °C at an interval of
10 °C and RT fabrication was used as control. The fabricated device was of inverted

architecture with ITO/PEDOT:PSS/Blend/Ca/Al configuration.
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Figure 2.5: (a) J-V graph of the fabricated devices, (b) corresponding EQE.

The J-V graphs for RT, 40 °C and 70 °C were recorded under illumination and are
presented in Figure 2.5a. The photovoltaic parameters are summarized in Table 2.1. The
device fabricated at moderately hot-casted temperature of 40 °C displays an improved PCE
compared to the one fabricated at RT. The 40 °C device has the highest PCE of 9.13%
(average 9.04%) with Jsc of 17.82 mA cm™, Voc of 0.822 V and FF of 62%. On the other
hand, the device fabricated at RT exhibit highest PCE of 8.02% (average 7.89%) with Jsc of
16.78 mA cm?, Voc of 0.798 V and FF of 60%. On increasing the hot-casting temperature to
70 °C the device PCE reduced to 7.86% (average 7.56%) with Jsc of 15.92 mA ¢cm™, Voc of
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0.811 V and FF of 62%. It is noteworthy that on increasing the temperature from RT to 40 °C
Jsc values increased, but on further increasing the temperature to 70 °C Jsc reduced. This
may be due to better charge transport at reduced roughness and optimum thickness of the
active layer. Also, the PCE of 70 °C device was well comparable with the device fabricated
at RT. Both Voc and FF were increased slightly for all the hot-casted photovoltaic devices.
The EQE spectra shown in Figure 2.5b could also be well co-related with the Jsc values and

highest EQE was obtained for the device fabricated at a hot-casting temperature of 40 °C.

Table 2.1: Photovoltaic parameters of hot-casted organic solar cell devices.

Device  Jsc, mA/cm? Voc, V FF,%  PCE (average)?, %

RT 16.78 0.798 59.9 8.02 (7.89+ 0.09)
40 17.82 0.822 62.3 9.13 (9.04+0.07)
50 17.35 0.810 62.4 8.78 (8.65%0.08)
60 16.88 0.818 62.1 8.58 (8.35+0.23)
70 15.92 0.811 60.9 7.86 (7.56+0.25)

2Average and standard deviation of 10 devices.
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Figure 2.6: J-V characteristic curve of device fabricated with 134 nm active layer at RT.

For reference thick active layer (~134 nm) at 2000 rpm were fabricated at RT and
maximum PCE of 7.81% was obtained (Figure 2.6). This confirms that thickness obtained
though modulation of spin speed do not achieve improved PCE and it is due to the improved

morphology of the hot-casted temperature.

The results listed in Table 2.1 are the average of 10 devices. To study the variation of

the device parameters across the entire fabricated devices, box chart was plotted (Figure 2.7).
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It can be observed that minimum variation in Jsc is observed for the device fabricated at 40
°C compared to other device types. It was also noted that the variation in Voc and FF is
nearly similar for all device types. Thus, the major reason for the improved PCE is the

increase in Jsc of the device fabricated at 40 °C.
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Figure 2.7: Box chart showing variation of (a) PCE, (b) Jsc, (c) Voc, and (d) FF.

To study more details of the loss mechanism of the photo-generated charge carriers
the variation of current density at different light intensity were studied. The log-log plot of
Jsc versus the light intensity is shown in Figure 2.8a. From the graph, o value was estimated
by finding the slope for each device type. Ideally, a should be equal to 1for zero bimolecular
recombination losses and typically the device should have a value close to 1 for better
performance. In this case, the device fabricated at RT has a value of 0.909, while the one
fabricated at 40 °C has a value of 0.964. On increasing the temperature o value decreased to
0.890 for 70 °C. This confirms that minimum bimolecular recombination or non-radiative
recombination through the trap sites happens for the device fabricated at 40 °C and hence,
maximum photo-generated charges are extracted in the device fabricated at 40 °C hot-casting

temperature which can be one of the reasons for its improved PCE.
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Figure 2.8: (a) Jsc versus light intensity plot, (b) Voc versus light intensity plot, (c) Impedance spectra and the

fitting circuit in inset.

Similarly, a semi log plot of Voc versus light intensity is plotted in Figure 2.8b. From
the fitted curves the slope nkT/q was calculated where n is the ideality factor, k is the
Boltzmann’s constant, T is the temperature in Kelvin and q is the electronic charge. The
value of n, which gives the type of recombination present at open circuit condition, was
computed to be 1.18, 1.10 and 1.41 for RT, 40 °C and 70 °C, respectively. Both
monomolecular and bimolecular recombination is present in devices fabricated at RT and 40
°C. However, monomolecular recombination is dominant over bimolecular recombination in
devices fabricated at RT and bimolecular recombination is dominant over monomolecular
recombination for devices fabricated at 40 °C. On increasing the temperature to 70 °C, such
higher value of n confirms presence of Shockley-Read-Hall mechanism or monomolecular

recombination due to the deep trap states.'* >
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The Impedance Spectra (IS) of the devices fabricated at RT, 40 °C and 70 °C are
presented in Figure 2.8c. The IS was recorded at dark condition in the frequency range of 100
Hz to 1 MHz. One semi-circle was observed in the spectra, therefore, they were fitted using
the equivalent circuit as presented in the inset*”> ** and the same are represented by the solid
lines. The main aim of this study was to determine the series resistance between the cathode
and anode (Rs) and the recombination resistance (Rrc) of the fabricated devices. Rs was
observed to decrease to a very small value of 18.89 Q for the device fabricated at 40 °C from
49.62 Q for the device fabricated at RT. On increasing the temperature to 70 °C Rs was
observed to increase slightly to 27.55 Q. On the other hand, Rrec was 4419 Q, maximum for
the device fabricated at 40 °C compared to 3805 Q and 2509 Q for devices fabricated at RT
and 70 °C, respectively. This confirms that the device fabricated at 40 °C has the minimum

recombination current and hence, the improved efficiency.
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Figure 2.9: (a) SCLC plot for hole only devices, and (b) variation of mobility with hot-casted temperature.

To compare the change in hole mobility due to the hot-casting temperatures, devices
with configuration of ITO/PEDOT:PSS/PTB7-Th:PC7:BM/Cu were fabricated.*” Thereafter,
the dark J-V curves of the devices were taken and analyzed using the SCLC method and
Mott-Gurney relationship. It was observed that the device fabricated at 40 °C had higher an
average mobility of 5.34 x 10* cm? V! sec’! (highest mobility 5.55 x 10 cm? V! sec!) than
that of the device fabricated at RT which showed an average mobility of 2.77 x 10* cm? V!
sec! (highest mobility 2.88 x 10* cm? V! sec!). On increasing the hot-casting temperature

further the hole mobility of the devices was found to reduce with the average mobility for
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device fabricated at 70 °C to be of 1.28 x 10 cm? V! sec’! (highest mobility 1.46 x 10 cm?
V- sec!). The J-V graph of the hole only devices with highest mobility for the best devices
are presented in Figure 2.9a. Figure 2.9b displays the variation of mobility with the hot-
casting temperature including error bar and the statistical parameters of three such devices.
This increase in hole mobility for the device fabricated at 40 °C can be attributed to the least
roughness of the film among all the samples as presented in the AFM images and hence, the

improved PCE.

2.4 Conclusions

In summary, the influence of hot-casting technique on the performance of OSC
consisting of PTB7-Th as donor and PC7:BM as acceptor has been thoroughly studied. PCE
was increased to 9.13% for device fabricated at 40 °C from 8.02% for device fabricated at
RT. From these results, it is confirmed that the improvement in PCE was due to the increase
in Jsc till 40 °C, moderate hot-casting temperature and thereafter the PCE reduced. However,
the Voc and FF increased slightly for all the hot-casted devices. The main reason for 40 °C
fabricated device to be the best performing was its optimized thickness (~133 nm) and lowest
rms roughness obtained for the active layer film. These results were well supported by
mobility and recombination studies, confirming that higher mobility values were obtained at
40 °C compared to RT and higher temperature fabricated films. Furthermore, these devices
were highly reproducible as can be observed in the box chart made from 10 fabricated
devices. Moreover, it was observed that thicker film of ~183 nm displayed PCE of 7.86%,
which is ~88% of the highest PCE reported in this work and ~98% for the photovoltaic
device fabricated at RT. This technique can very well lead to OSC commercialization that

requires thick film active layers.
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Abstract

Precise control of perovskite morphology to achieve large grains with small width
grain boundaries is challenging and a pre-requisite for realizing high photovoltaic
performance. lon-migration is another problem with perovskites, which hinders the device
results. Herein, incorporation of MABr in mixed halide perovskite MAPbCIl3x has been
carried out to minimize ion-migration by replacing the mobile I" ions in the perovskite with
Br. Moreover, introduction of MABr results in high quality and smooth films with large
grains of average size ~45 pum. Increasing ratio of MABr was added in the perovskite
precursor solution and devices with architecture of
FTO/PEDOT:PSS/Perovskite/PCBM/Rhodamine-101/Ag was fabricated using the hot-
casting technique. The device with MABTr ratio of 0.1 (0.1IMABr) showed superior power
conversion efficiency of 18.08% compared to 14.10% of control without any MABr. For
higher ratio, performance deteriorated due to the increase in bandgap of the perovskite which
resulted in reduction of short-circuit current density. For 0.IMABr minimum defect states
and trap density was obtained using various experimental techniques supporting its optimum
device performance. Further, minimum recombination loss was taking place in 0.IMABr
device. Similarly, the applicability of this technique in large area devices were studies and
efficiency of ~17% was obtained for devices with 2.5 cm? dimensions. This innovative
concept and approaches are vital tools to achieve large crystalline domains for increasing the

solar cell performance for commercial applications.
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3.1 Overview

In the field of photovoltaics, the last decade has seen focused research related to
perovskite solar cells (PSCs) due to their intriguing optoelectronic properties like wide range
absorption, tunable bandgap and longer carrier lifetimes.!> 2 The low-cost solution-processing
method to achieve power conversion efficiency (PCE) beyond 25% has outperformed the
widely used commercialized silicon solar cells.®> Even large-area PSCs have been fabricated
using various approaches for their acceptance in real world futuristic applications.*’
However, the recognition of this solar photovoltaics technology for commercial applications
is far from reality till today. The reason behind this is the irregularity in the formation of
perovskite crystals which tends to have films with smaller grain size and larger grain
boundaries which acts like trap sites and recombination centre for the photo-generated
charges reducing the device performance.® ° Ion migration is another concern in the
perovskite films which leads to hysteresis in the current-voltage analysis.!® !! Many attempts

have been made to inhibit ion-migration in perovskite.!* '3

Among all the variants, polycrystalline MAPbI3 is the most famous perovskite to be
used in solar cell applications worldwide.!*!” Many techniques have been utilized to obtain
high quality desirable perovskite polycrystalline films for the application of solar cells.'®!
Among these, the use of anti-solvent while spin-coating is the most commonly used method
for depositing perovskite films.??** However, the use of anti-solvent technique is very
complex and the method requires post-annealing treatment for optimum time.?* This has led
to the discovery of the hot-casting technique for the fabrication of solar cell devices through
modulation of morphology.?® 2’ This technique is comparatively new and does not involve
any anti-solvent treatment or annealing of the casted perovskite, yet it yields large-grain
crystalline films almost instantly. In perovskite solar cell, the technique is also known to
form millimeter size domains with very low-width grain boundaries for minimization of
recombination of charge carriers.”® Nonetheless, there are very few reports that utilize hot-
casting technique in which the reactants for the perovskite precursor solution involve Pblx
and MAI only to obtain the desirable MAPbI; phase.?’ However, another report suggests that

anti-solvent treatment and post-annealing is needed to obtain better quality film for

increasing device performance.’® Therefore, to avail the large sized grains to facilitate
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smoother charge transport, MACI is used instead of MAI to form the mixed halide
MAPbHCl,I5.« perovskite.’!* The use of MACl instead of MAI ensured that no anti-solvent or
post-annealing treatment is needed to form large-sized perovskite grains. However, with this
large percentage of non-conducting MAPbCl; phase is also formed along with MAPbI; due
to which there is loss of device performance even though micrometer sized perovskite grains
are formed.** To overcome this issue, MAI and MACI were used in equal ratio to minimize
the unwanted MAPbCIl; phase in the hot-casted perovskite solar cells.’> Again, this ensured
that large-sized desirable perovskite grains are formed and an improvement in PCE was

observed by inhibiting the MAPbClI; phase.

Herein, the role of MABr in mixed halide perovskite MAPbClxls.x formation using
the hot-casting technique and its application in solar cell devices has been carried out as a
conceptually new approach. As the ratio of MABr was increased in the precursor solution,
the redundant MAPDbCIl; phase was seen diminishing. Likewise, there was confirmation of the
exchange of Br~ with I" which minimized ion migration, and hence the hysteresis in the
device. Highest PCE of 18.08% was achieved for 0.IMABr in which Pbl;, MAL, MACI and
MABr was used in the ratio of 1:0.5:0.4:0.1, whereas for the control device without any
MABr exhibited PCE of 14.10%. The improvement in the 0.1MABr device was due to
increase in all three photovoltaic parameters, i.e. short circuit current density (Jsc), open
circuit voltage (Voc) and fill factor (FF). However, on increasing the MABr ratio further the
device performance deteriorated due to increase in bandgap, which caused a trade-off
between the Jsc and Voc of the solar cell devices. UV-vis study confirmed superior photon
harvesting capability of the MABr modified films and blue-shifted onset due to increase in
bandgap for MABr incorporation, which was confirmed through PL analysis as well.
Multiple microscopy analysis like confocal imaging, optical imaging, FESEM and AFM was
carried out to realize the changes due to introduction of MABr. Not only did the grain size
increase with reduction in grain boundary width for 0.IMABr, but the film had minimum
non-radiative recombination of the generated charges. Even the 0.1MABr device displayed
lowest trap density and defect states with minimum recombination loss. Further, the stability
of 0.1MABE- solar cell was considerably higher than the control device. The possibility of this
technique in fabrication of large area device was also checked and PCE of ~17% was

obtained for 2.5 cm? device area.
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3.2 Experimental Section
3.2.1 Materials

Fluorine doped tin oxide (FTO) coated glass (7€)/sq.), Lead iodide (Pbl2,99%),
Methyl ammonium bromide (MABr, 99%), anhydrous DMF, anhydrous DMSO, Rhodamine-
101 and silver was purchased from Sigma Aldrich. Methylammonium chloride (MACI,
98.0%) was purchased from TCI chemicals. Methylammonium iodide (MAIL, 99%) was
purchased from Greatcell Solar. (6,6)-Phenyl-C61-butyric Acid Methyl Ester (PCBM,
>99.5%) was purchased from LUMTEC for electron transport layer. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, PVP Al 4083) was procured
from Clevios for hole-transporting layer. All the materials were used as received until

otherwise specified.
3.2.2 Device Fabrication

The solar cell devices were fabricated on FTO coated glass which was pre-patterned
and cleaned sequentially in soap solution, de-ionized water, acetone and isopropanol. The
substrate was then dried under N> gas and UV-ozone treated before further processing.
PEDOT:PSS was used as hole transporting layer which was spin-coated on the cleaned FTO
glass at 5000 rpm for 45 sec and annealed at 120 °C for 30 min. 0.43M perovskite precursor
solution was prepared using Pbl,, MAI, MACI and MABr in the ratio of 1:0.5:(0.5-x):x
(where x=0, 0.1, 0.2 and named as control, 0.IMABr and 0.2MABr respectively) in 1ml
anhydrous DMF:DMSO in the ratio 3:2. The precursor solution was stirred overnight at 70
°C. The precursor solution was spin-coated at 4000 rpm for 30 sec using the hot-casting
technique where the PEDOT:PSS coated substrate was pre-heated at 160 °C and immediately
kept on spin-coater for deposition of perovskite on the hot-substrate. The perovskite coated
film was not annealed further. 12 mg/mL PCBM in chlorobenzene was used as electron
transport layer which was spin-coated at 1000 rpm for 30 sec on top of perovskite. Lastly,
thin layer of rhodamine-101 in isopropanol was spin-coated at 4000 rpm for 30 sec. 100 nm
of Ag was used at cathode metal was vacuum deposited at 10 mbar pressure. The overall

device architecture was FTO/PEDOT:PSS/Perovskite/PCBM/Rhodamine-101/Ag.
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3.2.3 Characterization

The hot-casted perovskite films were characterized by X-ray diffraction (XRD,
Rigaku Micromax-007HF diffractometer equipped with Cu Kal irradiation [A =1.54184 A)),
UV-vis absorption spectroscopy (PerkinElmer Lambda-35), optical microscopy (Leica DM
2500P polarizing optical microscope with QICAM FAST1394 camera), scanning electron
microscopy (SEM, JEOL JSM-7610F), atomic force microscopy (AFM, Agilent 5500-STM
instrument), and current density—voltage (J—V) characteristic curves were recorded with a
Keithley 2400 source meter in argon atmosphere for dark characterization. All light
characteristic was done by illuminating the device with a solar simulator (Newport, Oriel Sol
3A solar simulator, AM 1.5G, 100 mW cm 2) using a shadow mask. The steady state current
analysis, Mott-Scottky and impedance spectroscopic measurement were performed using an
electrochemical workstation (CH Instruments 760D). An Oriel IQE-200 instrument was used

to record the incident photon-to-current efficiency (IPCE) in ambient condition.
3.3 Results and Discussions

Perovskite films with various MABr ratios were coated using the hot-casting
technique and X-ray diffraction (XRD) study was carried out to understand the role of MABr
in controlling the crystallinity (Figure 3.1a). 110, 220 and 310 planes for the MAPbI3 were
present in all the films confirming the perovskite arrangement. Moreover, as MACI was used
in the formation of mixed halide perovskite, the 110 plane peak for MAPbCI3 was found
whose peak intensity decreased on increasing the MABr ratio. Interestingly, the 110 peak for
MAPDI; shifted to higher 20 value when the MABr ratio was increased (Figure 3.1b). This
can be a confirmation for Br™ ion interaction in the perovskite film due to any I vacancy in
the perovskite film. Generally, these peak shift to higher 20 values is very common and are

observed in previous works on bromide addition for controlling ion migration.

UV-vis study (Figure 3.1c) was performed on all hot-casted perovskite films. The
films modified with MABr showed an increase in absorption compared to the one without
MABrt. The mid-wavelength region the 0.2MABr film displayed slight lower absorption
compared to 0.IMABTr film. Identical film thickness of perovskite of ~480 nm was obtained

for all three perovskite films. Therefore, it was expected that the best photon harvesting could
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be observed for 0.IMABr film due to improved quality of the perovskite film. It is well-
known that on addition of bromide there is an increase in bandgap of the perovskite.?” The
bandgap for control, 0.1MABr and 0.2MABr perovskite film was calculated to be 1.59, 1.62,

1.65 eV, respectively as confirmed from the Tauc plot for all the perovskite films (Figure

3.1d).
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Figure 3.1: (a) XRD patterns of perovskite films with various MABr concentrations, (b) Enlarged XRD patterns
to evaluate the peak shifting, (c) UV-vis absorption spectra of perovskite films with different MABr

concentrations, (d) Tauc plot, and (e) PL curve of perovskite films with different MABr concentrations.

All the films were also subjected to photoluminescence (PL) study (Figure 3.1e) by
coating the perovskite with different MABr ratios on a glass substrate. It was observed that
the PL intensity of the 0.1IMABr film increased almost two-folds compared to the control
film. However, for 0.2MABTr film the PL intensity decreased slightly. This increase in PL
intensity of the 0.1MABr perovskite was due to the reduction in non-radiative recombination
of the charge carriers, which is attributed to the superior quality of the film. Moreover, it was

observed that on increasing the MABT ratio the peak in the PL study blue-shifted to 759 and
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752 nm for 0.IMABr and 0.2MABTr respectively from 764 nm for control. This can be due to

the increase in bandgap of the perovskite with MABr introduction.

Confocal intensity mapping of all the three hot-casted perovskite films (Figure 3.2a-c)
indicated that brighter the confocal image confirms with higher PL intensity and least non-
radiative recombination. As observed, the control film displays least brightness with many
black spots. However, for both 0.1IMABr and 0.2MABTr films the black spots were reduced
drastically, but higher brightness was observed for 0.1MABTr film. This was in-line with the

PL study which suggested least non-radiative recombination for 0.1MABr film.

Figure 3.2: Confocal intensity mapping of the perovskite films for (a) control, (b) 0.1MABr, and (c) 0.2MABT;
optical microscopic images of the perovskite films for (d) control, (¢) 0.1MABTr, and (f) 0.2MABTI.

To get more insight regarding the morphology of the hot-casted perovskite film,
optical microscopic images were also recorded (Figure 3.2d-f). It was noticed that the grain
size of the perovskite increases in 0.1 MABr film compared to the control film However, for
the 0.2MABr film the grain size reduced again due to the slight shift towards cubic MAPbBr3
phase from tetragonal MAPbI; phase. The average grain size for each hot-casted perovskite
films were recorded and presented in the histogram plot (Figure 3.3a-c). The average grain
size for the control film was 27 pm which increased to 45 um for 0.1MABTr film. The average

grain size reduced to 37 pum for 0.2MABTr film. The variation in grain size clearly indicated
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the role of MABr in the formation of better perovskite crystals to support improved charge

transport.
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Figure 3.3: Histogram plot showing grain size variation of perovskite films for (a) control, (b) 0.1MABT, and (c)

0.2MABr obtained from the microscopic images.

Figure 3.4: FESEM images of the perovskite films for (a) control, (b) 0.IMABr, and (¢) 0.2MABr; AFM

images of the perovskite films for (d) control, (¢) 0.1MABr, and (f) 0.2MABT.
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Further, field emission scanning electron microscopy (FESEM) analyses of the films
(Figure 3.4a-c) were in-order with the optical microscopy images. The highest grain size with
very good quality smooth film was recorded for the 0.1MABr. Both the control and
0.2MABTr perovskite films had smaller grain size compared to 0.1MABr film, and the grain

boundaries were more prominent for control and 0.2MABTr film.
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Figure 3.5: Line profile along the grain boundaries to measure grain boundary width for (a) control, (b)

0.IMABT, and (c) 0.2MABr obtained from the AFM images.

To understand more about the surface roughness and comprehend clearly about the
grain boundaries atomic force microscopy (AFM) was carried out (Figure 3.4d-f). The
surface RMS roughness reduced to 15 nm for 0.IMABr film compared to 35 nm of the
control film. The RMS roughness increased slightly to 17 nm for 0.2MABTr film. To calculate
the average width of the grain boundaries in between two perovskite grains various line
profiles were recorded for all hot-casted films (Figure 3.5a-c) and was found to be ~1.5 um
for control film. However, for the 0.1MABr and 0.2MABET films the average grain boundaries
was observed to be approximately 700 and 940 nm respectively. Further, the height of the
grain boundaries was the minimum for 0.1MABTr film which is also conclusive from the line

profile of the AFM images.
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Figure 3.6: Device fabrication steps of the hot-casted perovskite solar cells.

Considering the optical and morphological changes of the hot-casted perovskite films
due to MABr incorporation, inverted solar cells with p-i-n architecture of
FTO/PEDOT:PSS/Perovskite/PCBM/Rhodaminel01/Ag was fabricated. The schematic of
the hot-casted perovskite solar cells fabrication are presented in Figure 3.6 and explained
elaborately in the experimental section 3.2.2. The J-V characteristics graphs of all devices are
present in Figure 3.7a and the parameters are tabulated in Table 3.1. The control device
without any MABr displayed highest PCE of 14.10% (average PCE of 12.93+0.61%) with
Voc of 931.3 mV, Jsc of 21.71 mA cm™ and FF of 69.7%. The results improved with the
introduction of MABT in the precursor solution and for 0.1MABr the highest PCE of 18.08%
(average PCE of 17.50+0.30%) was obtained with Voc of 996.8 mV, Jsc of 23.86 mA cm™
and FF of 75.4%. However, for 0.2MABr the PCE dropped to a highest value of 16.73%
(average PCE of 15.96+0.57%) with Voc of 992.2 mV, Jsc of 22.57 mA cm™ and FF of
74.7%. There is a decrease in PCE at higher MABTr ratio due to the trade-off between Voc
and Jsc which is a result of increase in bandgap of the perovskite. External quantum
efficiency (EQE) recorded for all devices (Figure 3.7b) were observed to be in-order with the
photovoltaic results with highest EQE for 0.1MABTr perovskite solar cell. The integrated Jsc,
calculated from the EQE spectra, correlated well with the results obtained experimentally
through J-V curve analysis as well. Interestingly, there was a blue-shift in onset of the EQE
spectra for 0.1MABr and 0.2MABTr devices compared to the control devices which was very
similar to the UV-vis spectra of the perovskite films. The steady state current and efficiency
was recorded for the 0.1MABTr solar cell (Figure 3.7c). Stable PCE of >17.5% was obtained

for 300 s constant illumination.
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Table 3.1: Photovoltaic parameters of small area hot-casted solar cell PSC devices.

Device Jsc,mA-cm?  Voc,mV  FF,%  PCE (average)?, %

Control 21.71 931.3 69.7 14.10 (12.9340.61)
0.IMABr 23.86 996.8 75.4 18.08 (17.50+0.30)
0.2MABr 22.57 992.2 74.7 16.73 (15.96+0.57)

*Average and standard deviation of 15 devices.
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Figure 3.7: (a) J~V curves of the devices with various MABr concentrations, (b) EQE curves of devices with
integrated Jsc spectra, and (c) steady-state current measured at the maximum power point for the 0.IMABr

device.

The reproducibility of the perovskite photovoltaic devices was verified and plotted
with box-chart (Figure 3.8a-d). The increase in PCE for 0.IMABr was due to increase in all
parameters, i.e. Voc, Jsc and FF. However, for 0.2MABr the PCE decreased due to the
decrease in Jsc even though there was slight increase in the Voc. Furthermore, it was
observed that with the addition of MABr the FF increased with very little cell to cell

variation. This was due to the reduction in ion migration in the perovskite.
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To confirm the minimization of ion migration due to the presence of MABT, all
devices were put through forward and reverse scans and hysteresis index (HI) was calculated

as per the following equation (3.1):

PCE —PCE,
HI — forward reverseX 100 (31)
PCEforward

The hysteresis plots with forward and reverse scans (Figure 3.9a-c) confirm that the HI
reduced to 2.16% for 0.IMABr device from 4.90% for control device. 0.2MABr device
displayed even lower HI of 0.72% confirming that the ion migration is minimized with

higher MABr incorporation.
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24
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g0 L 21 E“
20 9
19
e 75
X
70 °
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Control  0.1MABr  02MABr  Control  0.IMABr  0.2MABr
Figure 3.8: Box chart showing variation of (a) PCE, (b) Jsc, (c) Voc, and (d) FF.

Thereafter, to compute the trap density, hole-only devices with the architecture
FTO/PEDOT:PSS/Perovskite/MoO3/Cu were fabricated. J-V graph of each hole-only devices
were measured and the voltage where current suddenly increases due to trap filling (V1rL) 1s
recorded (Figure 3.9d-f). From the obtained VtrL values, the trap density (Nap) is calculated
using the equation (3.2):%

2880 VTFL
el?

Nirap = (3.2)
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where, ¢ is the dielectric constant of perovskite, €9 is permittivity of free space, e is the
charge of electron and L is the thickness. The VrrL values obtained for control, 0.1MABr and
0.2MABr were 695, 571 and 608 mV respectively. From the obtained VrrL values, the Niap
was calculated to be 10.8 x 10'%, 8.8 x10'° and 9.4 x10'> cm™ respectively. The decrease in
trap density for 0.IMABr can be attributed to the smooth quality of the perovskite film with
very small width of the grain boundary which acts as trap sites for the generated charges.
Again, the increase in the trap density for 0.2MABr can be endorsed due to slight increase in

the width of the grain boundary.
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Figure 3.9: Hysteresis analysis of the perovskite devices for (a) control, (b) 0.1IMABr, & (¢) 0.2MABr, and
Dark J-V analysis of hole-only perovskite devices for (d) control, (e) 0.1MABr, & (f) 0.2MABr.

Impedance spectroscopy (Figure 3.10a) was recorded for all solar cell devices and
fitted with the circuit as shown in the inset. It can be seen that the highest recombination
resistance of 39 KQ was obtained for 0.1MABr device while for the control device it was
only 9 KQ. It must be also noted that the recombination resistance for 0.2MABr device was
29 KQ. The recombination resistance is correlated to Voc, thus the higher voltage for
0.IMABr compared to control device is justified. However, as the recombination resistance

is lowered for 0.2MABT, the increase in Voc is not as proportionate compared to 0.1MABr
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device due to the higher recombination loss. This can be attributed to higher trap density in
0.2MABr compared to 0.IMABr device.
Additionally, the energy states disorders can be estimated from the band edge of an

UV-vis spectrum in the form of Urbach energy (E,) represented by the equation (3.3):%
E
a = ayexp (E) (3.3)

where, a is the absorption coefficient, oo is a constant and E is the photon energy. Therefore,
the inverse slope in the plot of In(a) versus E (Figure 3.10b) can project the value of E.. The
calculated E, values were 323, 98, 119 meV for control, 0.IMABr and 0.2MABr devices
respectively. It can be observed that the least value of Eu was found for 0.1MABr device

which confirms least defect states at the energy band edge compared to control and

0.2MABE-.
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Figure 3.10: (a) Nyquist plots of the devices with various MABTr ratios, (b) In(a) vs photon energy plot used to
estimate Urbach energy, and (c) MS plots.
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Mott-Schottky (MS) plot (Figure 3.10c) estimated the built-in potential (Vi) and
residual charges (N) in the device. The Vi for the control, 0.IMABr and 0.2MABr devices
was found from the x-intercept to be 854, 986 and 1011 mV respectively. The increase in
value of the Vi can be a possible reason for improved Voc for the MABr modified solar cell
devices. The value for N was calculated to be 3.2 x 10'®, 2.1 x 10'® and 2.3 x 10'® cm™ for
control, 0.1MABr and 0.2MABTr devices, respectively. The least value of N confirms that
more number of charges is easily getting transported to the electrodes for 0.1MABr device
compared to the other two variants; hence, highest Jsc was obtained for it due to lesser

charge recombination.
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Figure 3.11: (a) Dark J-V curves of the solar cell devices with various MABr ratios, and (b) Jyn vs Verr

characteristics with double logarithmic axis for different MABr ratios.

Dark J-V spectra were also recorded for the complete solar cell device (Figure 3.11a).
From the figure, it is absolutely clear that the least reverse saturation current was observed
for 0.IMABr device compared to control and 0.2MABr. This leads to minimum leakage
current in the 0.1MABr device which confirms least recombination of the injected charges,
an improved transport and collection of the charges at the electrodes for the 0.1MABr device.
All this can be possible reason for improved Voc and FF in the MABr-modified device. To
have an insight about the charge generation rate in the solar cell devices, Jpn versus Vesr plots
were recorded (Figure 3.11b). Jph is the difference between the current densities recorded
under light and dark, whereas Ve is the difference between the voltage where Jpn = 0 and the
applied voltage. In all the cases, Jpn increased linearly till Vesr ~0.1 V and saturates at higher

voltage. However, highest J,n was obtained for 0.1MABr device which confirms best light
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absorption and charge generation in the photo-active layer. Higher Jpn at higher Vegr confirms
efficient charge transport and collection. This could be a possible reason for highest Jsc in

the 0.1MABTr device.

One of the biggest problems with any PSCs is its stability. To confirm whether the
modified device addresses the issue, pristine un-encapsulated 0.1MABr solar cell device was
put through ambient stability test (temperature = 25+2 °C, humidity = 40+5%) and compared
with the control device (Figure 3.12a). It was observed that 0.1MABr device retained almost
85% of its initial efficiency up to 20 days, whereas the control device retained only 50% of
its initial efficiency. The improvement in stability was due to the ion exchange between the
Br and I ions. The control and 0.1MABr films were also exposed to ambient condition for
20 days and XRD study was done to ensure the reason for stability (Figure 3.12b, c). It can
be seen that a large peak of Pbl, appears for control film; however, for the 0.1MABr film
Pbl> peak observed after 20 days was of very less intensity. Further, there was no shift of the
MAPDI3 peak to lower 20 value confirming that once the Br™ ion interacts with the
perovskite, it does not leave the film and helps in minimizing the ion migration and
improving its stability. It is also well-known that the stability of perovskite improves for
large grain size as the density of grain-boundaries reduces.*” *! In this case, both the density
and width of the grain boundaries has reduced for 0.1MABr device which can be another

reason for improvement in stability.
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Figure 3.12: (a) Normalized efficiency of control and 0.1 MABr devices stored at room temperature in a relative
humidity of 40 = 5%, (b) XRD patterns of perovskite films showing stability after 20 days, and (c) Enlarged
XRD patterns to evaluate no peak shifting.
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Table 3.2: Photovoltaic parameters of large area hot-casted solar cell PSC devices.

Device Jsc,mA-cm?  Voc,mV  FF,%  PCE (average)’, %  Retention, %
Control 20.64 903.7 65.9 12.28 (11.56+0.66) 87
0.IMABr 23.86 996.8 75.4 16.96 (16.48+0.34) 93

*Average and standard deviation of 03 devices.
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Figure 3.13: Forward and reverse J-V curves of control and 0.1MABr large-area devices.

For the possibility of using this technique for fabrication of large area photovoltaic to
be used in commercial applications, solar cell devices of 2.5 cm? area were fabricated for
0.IMABr. The J-V graph for the same is presented in Figure 3.13. The PCE for the large
device was 16.96% with Voc of 986.2 mV, Jsc of 22.88 mA cm™ and FF of 75.2%, which are
remarkable for device with such large dimension using hot-casting technique. For
comparison, control device was also fabricated in large-area and a PCE of 12.28% was
obtained (Table 3.2). From the obtained results, retention PCE was calculated for the large
area devices with respect to the PCE obtained for the small-area device of same type.*> ** It
can be well established that the retention PCE of large-area device for 0.IMABr was ~93%
of the best device PCE in small area, whereas for control it was ~87% of the best device PCE
in small area. This can be due to the formation of smooth large-grains films with very small
grain boundary widths. HI was also calculated for the large-area devices by taking the

forward and reverse J-V scans and found to be 6.35% and 2.95% for control and 0.1MABT,

respectively.
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3.4 Conclusions

In summary, the precise role of conceptual approaches such as halide exchange by
using MABTr in tuning the morphology of the mixed halide perovskite has been extensively
studied by using confocal imaging, optical microscopy, FESEM and AFM in this work.
Micrometer-sized grains with nanometer-sized grain boundary width were obtained. Its
application in hot-casted perovskite solar cell has been established as well. The PCE
increased from 14.08% for the control device to 18.08% for the 0.1IMABr device. This
confirmed that small addition of MABr improves the device performance through increase in
all device parameters, i.e. Voc, Jsc and FF. Also, as there is a trade-off between Voc and Jsc
due to increase of bandgap the PCE reduces for 0.2MABr device. The main reason for the
improvement in device performance for 0.1MABr was reduction in trap density and defect
states. Subsequently, 0.1MABr device ensured smooth charge transport and collection at the
electrodes by minimizing the recombination. Furthermore, the devices fabricated were
reproducible with very little variation in the MABr modified solar cells. Besides, the
0.1MABr device displayed superior ambient condition stability compared to the control one
due to minimization of ion migration. Large area device of 2.5 cm? was also fabricated and
PCE of ~17% was achieved for 0.1MABr device confirming the utility of this technique for

large-area solar cell fabrication for sustainable commercial applications.
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Abstract

The functional groups of any organic materials play a key role in improving the
efficiency and stability of hybrid perovskite solar cells (PSCs). This has led to the use of
multifunctional organic molecules for the passivation of perovskites. Herein, trifluoro acetic
acid (TFAA) has been reported as an additive for the efficient passivation of perovskite for
use in PSCs applications. TFAA interacts with perovskites to passivate the defect states
efficiently and enhance the device performances. The power conversion efficiency (PCE) of
the champion device was found to be 20.10%, which improved from 15.08% of the control
device without any TFAA. This enhancement resulted due to efficient perovskite passivation,
improved crystallinity and film forming ability which was confirmed by various studies like
DFT, FTIR, FESEM and XRD. The decrease in defects and trap density was proved by UV-
vis, PL, EIS and other relevant analysis resulting in better charge generation, reduced
recombination, and better charge transport. The fluorinated additive improves the

hydrophobicity of the perovskite layer and boosts the ambient stability of the device.
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4.1 Overview

Perovskite solar cells (PSCs) have seen immense growth in terms of power
conversion efficiency (PCE) since 2009,! with the PCEs moving >25% owing to advantages
such as broad absorption, color tunability, longer carrier lifetimes, long diffusion length,
etc.”* Moreover, PSCs can be solution-processed and can be fabricated using the roll-to-roll
technique which offers a huge possibility for its commercial realization.>* However,
achieving stability comparable to the inorganic solar cells for the perovskite based
photovoltaic devices remains a stiff challenge.” '° Research has been taking place in various
directions to improve both PCE and stability of the PSCs.!!"!° Passivating perovskite layer for
the reduction of defects to curtail ion-migration is one of the best-known and commonly-used
methods in laboratory scale to enhance the device performance.'® '7 Many strategies have
been utilized for the passivation of perovskite at the bulk, surface and interfaces.!'**> Among
all the approaches, the addition of additives in the precursor solution for the complete
passivation of bulk perovskite layer is widely used in comparison to surface additive
treatment (recrystallization process).”>>" It offers an advantage of crystallization control
throughout the perovskite formation process and passivates the defects at the surface and
bulk.

Various small molecules and polymers have been used for the passivation of
perovskites.*!*> These organic materials possess functional groups that play a crucial role in
the enhancement of the PSC device performance. Among various organic molecules the one
with carboxylic acid functional groups are most commonly used as they are known to interact
efficiently with defects in the perovskite layer.>¢® Acetic acid is also utilized to passivate
perovskite either in the bulk or by using it in the anti-solvent step at the surface.>> ** Also,
fluoro group containing organic materials as additive in precursor solution makes the
perovskite moisture resistant improving the ambient stability of the device. Besides, the
fluoro groups are known to slow the crystallization process which helps in the formation of

large grain perovskite films with improved crystallinity.*-*

Importantly, many
multifunctional additives have been used to passivate the perovskite for increasing both
efficiency and stability of PSCs,**8 however, the role of both carboxylic acid and fluoro
groups are not well explored together for the passivation of perovskite in solar cell

application. Such strategic passivating agents can offer multiple advantages such as

74
TH-2676_166153004



TFAA-modulated Perovskite Solar Cell Chapter 4

interaction with perovskite for reducing defects, increasing its hydrophobicity and formation
of large grain polycrystalline perovskite films.

In this work, trifluoro acetic acid (TFAA) has been utilized to passivate the perovskite
layer for the fabrication of PSCs which significantly improved the device performance and
stability. At first, various concentrations [0 pL/mL (control), I pL/mL (ITFAA), 2 uL/mL
(2TFAA) and 3 pL/mL (3TFAA)] of TFAA had been added to the precursor solutions and
perovskite films were coated using the one-step anti-solvent method. The film with 2 uL/mL
of TFAA (2TFAA) displayed highest crystallinity and largest grain size. Moreover, PSCs
fabricated with 2TFAA displayed highest PCE of 20.10% which improved from 15.08% of
the control device without any TFAA. All the device parameters namely, open circuit voltage
(Voc), short-circuit current density (Jsc) and fill factor (FF) improved which contributed in
the overall PCE enhancement. The modified perovskite films resulted in reduced defect and
trap density which allowed higher charge generation rate and transport in the solar cell
devices compared to the control device. The TFAA-modified PSCs also displayed superior

ambient stability compared to the control device due to the increased hydrophobicity.
4.2 Experimental Section
4.2.1 Materials

Fluorine doped tin oxide (FTO) coated glass (7€)/sq.), Lead iodide (Pbl2,99%),
Trifluoro acetic acid (TFAA, >99%) anhydrous DMF, anhydrous DMSO, Rhodamine-101
and silver was purchased from Sigma Aldrich. Methylammonium iodide (MAI, 99%) was
purchased from Greatcell Solar. (6,6)-Phenyl-C61-butyric Acid Methyl Ester (PCBM,
>99.5%) was purchased from LUMTEC for electron transport layer. All the materials were

used as received until otherwise specified.
4.2.2 Device Fabrication

The solar cell devices were fabricated on FTO coated glass which was pre-patterned
and cleaned sequentially in soap solution, de-ionized water, acetone and isopropanol. The
substrate was then dried under N> gas and UV-ozone treated before further processing. NiOx
precursor solution for hole-transporting layer was prepared by dissolving 1M Nickel nitrate

hexahydrate and 1M Ethylenediamine in 1mL Ethylene Glycol. Then the NiOx layer was
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coated as hole transporting layer on the cleaned FTO. NiOx precursor solution was spin
coated onto the FTO substrates at 3000 rpm for 40 sec. Afterwards the substrates were post-
annealed at 300 °C for 60 min in ambient air. The MAPbI3 precursor solution was prepared
in a glovebox by dissolving MAI and Pbl, was mixed in the ratio 1:1 (Molar concentration
1.26) in y-Butyrolactone and DMSO (7:3, v/v) The solution was heated overnight prior to
spin coating. For the modified device, different concentrations of TFAA additive were added
to the precursor solution [0 pL/mL (control), 1 uL/mL (1TFAA), 2 uL/mL (2TFAA) and 3
pL/mL (3TFAA)]. The precursor solution was spin coated on the NiOx coated FTO in a two-
step spin coating process i.e. 750 rpm for 20 sec and 4000 rpm for 60 sec. In the second step
160 mL anhydrous Toluene was dripped after 20 sec as antisolvent and after that the
substrates were annealed at 80° C for 10 min. 12 mg/mL PCBM in chlorobenzene was used
as electron transport layer which was spin-coated at 1200 rpm for 30 sec on top of
perovskite. Lastly, thin layer of rhodamine-101 in isopropanol was spin-coated at 4000 rpm
for 30 sec. 100 nm of Ag was used at cathode metal was vacuum deposited at 10% mbar
pressure. The overall device architecture was FTO/NiOx/Perovskite/PCBM/Rhodamine-
101/Ag.

4.2.3 Characterization

Density functional theory (DFT) was performed for the ESP analysis by using
popular B3LYP/6-31G set. The perovskite films were characterized by X-ray diffraction
(XRD, Rigaku Micromax-007HF diffractometer equipped with Cu Kal irradiation [A
=1.54184 A]), UV—vis absorption spectroscopy (PerkinElmer Lambda-35), field emission
scanning electron microscopy (FESEM, JEOL JSM-7610F), and. The -current
density—voltage (J— V) characteristic curves were recorded with a Keithley 2400 source meter
in argon atmosphere for dark characterization. All light characterization was done by
illuminating the device with a solar simulator (Newport, Oriel Sol 3A solar simulator, AM
1.5G, 100 mW cm?) using a shadow mask. The steady state current analysis, Mott-Scottky
and impedance spectroscopic measurement were performed using an electrochemical
workstation (CH Instruments 760D). An Oriel IQE-200 instrument was used to record the

incident photon-to-current efficiency (IPCE) in ambient condition.
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4.3 Results and Discussions

Electro-static potential mapping (Figure 4.1a) using DFT was performed to confirm

possible interaction of TFAA with perovskite. From these studies it was concluded that the

carbonyl groups are electronegative in nature and can passivate the defects of perovskite. To

further validate this, Fourier transform infrared spectroscopy (FTIR) was performed (Figure

4.1b). The pure TFAA sample displayed asymmetric vibration of the C=O bond at 1744

cm !, However, when TFAA was added with perovskite the asymmetric vibration of the

C=0 bond shifted to1728 cm™ ' as displayed from the magnified figure (right) confirming that

the C=0 bond strength is reduced due to the interaction with perovskite.**
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Figure 4.1: (a) Chemical structure and ESP profile of TFAA, (b) FTIR spectra of TFAA, Control and
TFAA+Perovskite, FESEM images of (c) control, (d) ITFAA, (e) 2TFAA, (f) 3TFAA, and (g) XRD of all

perovskite films.
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Thereafter, varying concentration of TFAA was introduced in the precursor solution
and the perovskite films were coated using the one-step anti-solvent method (explained in
details in the experimental section of the supplemental file). Field emission scanning electron
microscopy (FESEM) and x-ray diffraction (XRD) study was performed to confirm the role
of TFAA in the formation of good quality film with improved crystallinity (Figure 4.1c-g).
From FESEM, it is clear that TFAA in small quantity can be helpful in modulating the
perovskite grain size. It was observed that the control film, without any TFAA, exhibited
small grain size which initially increased slightly with small addition of TFAA (ITFAA).
With increasing concentration up to 2TFAA, the films displayed larger grain size. TFAA
resulted in merger of grains through defects passivation at the grain boundaries, hence
increasing the grain size. However, on further increasing the concentration, up to 3TFAA,
reduced grain size was formed, likely due to overcrowding of TFAA molecules in the
perovskite precursor. Likewise, all the perovskite films displayed the polycrystalline
perovskite peaks for 110, 220 and 310 planes at 14.10°, 28.44° and 31.86° 20 values,
respectively. However, the peak intensity for 2TFAA film was the highest confirming it to be
the most crystalline among its counterparts. Thus the defect-free perovskite films display
improved crystallinity as observed in this case. The increase in the grain size due to TFAA-

incorporation is possibly due to the recrystallization process.

Perovskite coating using
anti-solvent method

Annealing at 80 °C for
10 minutes

¥ Rhodamine 101

Perovskite
FTO/NiOx

Perovskite
FTO/NiOx

Device Architecture

Figure 4.2: Steps of perovskite solar cell device fabrication with and without TFAA.

After confirming that TFAA plays a key role in modulating the grain size, film
quality and crystallinity of perovskite films, p-i-n architecture solar cell devices were

fabricated (Figure 4.2, details present in experimental section). The control device displayed
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a highest PCE of 15.08% with Jsc = 21.25 mA cm™, Voc = 1.001 V and FF = 71%. The PCE
increased on increasing the concentration of TFAA and the champion PCE of 20.10% (Jsc =
23.83 mA cm™, Voc = 1.086 V and FF = 78%) was obtained for 2TFAA device. There was
improvement in all the device parameters due to formation of better quality perovskite films
with large grains and enhanced crystallinity on addition of TFAA. However, for 3TFAA the
PCE reduced to 18.11% which exhibited a drop in Jsc and FF, while the Voc improved
slightly compared to 2TFAA (Figure 4.3a, Table 4.1). The drop in Jsc and FF for higher
concentration of TFAA may be attributed to the reduction in the grain size of the perovskite
film due to overcrowding of the additives. External quantum efficiency (EQE) measurement
of the control and 2TFAA device confirmed that more number of photo-generated charges
gets collected at the electrodes for the modified device (Figure 4.3b). The integrated Jsc
values were calculated from the EQE spectra for control and TFAA-modified device and the
result was well-correlated to the Jsc values of the J-V graph. This confirms that the charge

transport improved as a result of TFAA interaction with perovskite and passivation of

defects.
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Figure 4.3: (a) J-V graphs of the best devices of each type, and (b) EQE and Integrated Jsc spectra of control
and 2TFAA.

Box chart (Figure 4.4) shows the variation of 15 devices of each type and confirmed
that 2TFAA device displayed highest PCE and the improvement in PCE was a result of
increase in all three device parameters, i.e., Jsc, Voc and FF. Jsc and FF improved due to
enhanced grain size, while film quality and Voc improved due to reduced recombination as

an outcome of defect passivation.
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Table 4.1: Photovoltaic parameters of the fabricated devices.

Device Jsc, mA-cm™ Voc, V FF, % PCE (average)?, %
Control 21.25 1.001 70.9 15.08 (13.55+0.69)
ITFAA 23.50 1.051 74.9 18.49 (17.51+0.49)
2TFAA 23.83 1.086 77.7 20.10 (19.54+0.25)
3TFAA 21.92 1.097 75.3 18.11 (16.71+0.49)

2AA 21.38 1.061 70.5 15.98 (15.17+0.61)

2Average and standard deviation of 15 devices.
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Figure 4.4: Box chart presenting device parameters variation for 15 devices of each type (a) PCE, (b) Jsc, (c)
Voc, and (d) FF.

Again, solar cell device was fabricated with acetic acid (2AA) for comparison with
2TFAA, and to confirm whether improvement in the photovoltaic parameters was due to the
carboxylic acid group or the fluoro groups or both groups helped in the process. The highest
PCE obtained for 2AA device was 15.98% (Figure 4.5a, Table 4.1), slightly more than the
report from literature with AA, but certainly lower than the TFAA champion device.* This
confirmed that both the functional groups played key roles in achieving PCE beyond 20%.
FESEM for 2AA film (Figure 4.5b) showed increase in the grain size, which largely
overlapped with each other. Also, these non-uniform grains would have resulted in
recombination of the charges. Hence, lower FF and Voc were obtained for 2AA device
compared to 2TFAA. The box-chart also confirms that the variation in the 2AA devices were
more compared to the 2TFAA devices which may be due to the non-uniformity of the 2AA-
perovskite film (Figure 4.5¢).

80
TH-2676_166153004



TFAA-modulated Perovskite Solar Cell Chapter 4

(=

{
24

=1 (¢) —

]
;' ===
W 16
VAR H - -
144 I
ol

00 02 04 06 08 10
Voltage, V

'
3,
!

-2

(2)

=
o
n
N
N

&
Jsc, mA cm

N
o
L
N
o

Current Density, mA cm?

N
o«

78

=
sowacm Gl )

1.06 —r -74
> s 72 R
L S L 66
1.00 Fal 64
Control 2AA 2TFAA  Control 2AA 2TFAA

Figure 4.5: (a) J-V graph of 2AA, (b) FESEM image of 2AA, and (c) Box chart for comparing the results of

2AA with control & 2TFAA.
N T T T T
—o— Control forward ¥ A ] -\

G 20- [
< 54 ——o=— Control backward v < TV ) T oo 25 °
£ —o— 2TFAA forward X | 1= g g S

- —o=— 2TFAA backward X ¢ ~15 - >~
2-10- g z 9
" o g 7)
2 g ir c Q2
S 151 2101 S
o HI = 13.3% o a —o— Control current L10 £
=IO g c —o— 2TFAA current |
o -20 o 51 —o— Control PCE 5
= (a) 5 —o— 2TFAA PCE (b)
= =
O 25— : ; : : . ] . . . ; 0

00 02 04 06 08 1.0 0 100 200 300 400 500
Voltage, V Time, sec

Figure 4.6: (a) Hysteresis study of control and 2TFAA, and (b) Steady state analysis of control and 2TFAA.

A major problem of perovskite solar cells is ion-migration which results in hysteresis
in the forward and reverse scans of J-J results. To confirm if TFAA is assisting in
minimizing ion-migration of the device, hysteresis study was performed by taking the
forward and reverse scans of J-V (Figure 4.6a). It can be observed that the difference
between the directional scans reduced drastically for the modified device as a result of defect
passivation and the hysteresis index (HI) calculated for the modified device was only 3.7%
which was lesser compared to the control device with HI = 13.3%. Thereafter, steady state

current analysis (Figure 4.6b) also confirmed a stable PCE of >19.5% for the TFAA-
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modified device for 500 sec. Even the control device displayed a stable PCE of ~14.5%

confirming the device was well optimized before modifying it with TFAA.
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Figure 4.7: (a) UV-absorption profile, (b) In (4) versus energy plot, (¢) Tauc plot, and (d) Steady state PL.

Thereafter, various experimental comparative studies were carried out to understand
the improvement in the device performance of 2TFAA compared to the control. Firstly, UV-
vis absorption profiles (Figure 4.7a) of both films were taken and it was observed that the
spectra were of typical MAPbI; type. The TFAA-modified film showed improved absorption
compared to control which can be attributed to the improved quality of the perovskite film.
This resulted in better photon harvesting due to which an enhancement in Jsc of the 2TFAA
device compared to the control device was recorded.* From the In (4) versus photon energy
plot the Urbach energy (E.) was calculated from the inverse slope at the band-edge (Figure
4.7b). The E, for the control and 2TFAA perovskite film was found to be 54.7 and 49.3 meV,
respectively. The reduction in the Eu value for the 2TFAA films confirms that the defect
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states in the perovskite has reduced with the incorporation of TFAA and as a consequence
improved PCE is obtained compared to the control device.’® Thereafter, Tauc plot (Figure
4.7c) was taken to ensure that there is no change in the bandgap of the perovskite without and
with TFAA incorporation and it was found to be similar of ~1.59 eV. An increase in
photoluminescence (PL) was also obtained for TFAA-modified film compared to the control
film suggesting curtailment in non-radiative recombination of the photo-generated charges
(Figure 4.7d). The slight blue-shift of the TFAA-modified film to 765 nm from 770 nm of the

control film indicates passivation of the perovskite film."!
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Figure 4.8: a) Voc versus light intensity plot, and (b) Jsc versus light intensity plot.

Various experiments were then carried out to study in detail about the traps,
recombination and charge transport. Firstly, light intensity dependent Voc and Jsc variation
were done (Figure 4.8a, b) and from the respective plots the value of ideality factor (n) and a
were estimated for the device without and with TFAA. The values of n for control and
TFAA-modified device were computed to be 1.70 and 1.25 respectively. For the control
device higher n value (closer to 2) suggests presence of Shockley—Read—Hall recombination
mechanism mostly due to deep trap states. However, TFAA-modified device had lower n
value (closer to 1) which suggests presence of molecular or bimolecular recombination likely
due to the shallow trap states. From the log-log plot of Jsc and light intensity, the a value was
computed to be 0.95 and 0.98 for control and TFAA-modified device. TFAA-modified
device displayed a value closer to 1 compared to control suggesting minimum bimolecular or

non-radiative recombinational loss.>?
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Figure 4.9: (a) EIS spectra, (b) Dark J-V graphs, (c) Jyn versus Vegrplots.and (d) Mott-Schottky plot.

To understand in detail about transport of the photo-generated charges, at first, EIS
spectra (Figure 4.9a) for the control and modified device was recorded at 0.75 V. The spectra
were fitted with the circuit as shown in the inset of the figure. It can be well-observed that the
recombination resistance for the modified device increased many folds with respect to the
control device ensuring least recombinational current loss due to the reduced defects and trap
density. The increase in recombination resistance could be a possible reason for improvement
of Voc in the TFAA-modified device.” 3* The dark J-V graphs (Figure 4.9b) of the PSC
device also showed lower reverse saturation current for 2TFAA compared to control device.
The photonic current (Jpn) calculated from the difference of the light and dark J-V graphs also
showed higher Jyn for 2TFAA with respect to control device (Figure 4.9c). This confirms
higher generation rate of the photo-generated charges in the TFAA-modified devices. Later,
from the Mott-Schottky (MS) plot (Figure 4.9d) the residual charge density (N) was

calculated from the slope. The values of N for the control and 2TFAA devices were
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estimated to be 3.10 x 10'® and 2.02 x 10'® cm™, respectively. Thus, it can be easily
concluded that TFAA-modified device has better charge transport compared to the control
device. This was due to the reduced recombinational loss in the modified device which
displayed good perovskite film formation, reduced defect and trap density. Also, from the
MS plot it can be concluded that the built-in potential of the TFAA-modified device has

increased which may be a reason for increase in the Voc of the 2TFAA solar cell devices.*
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Figure 4.10: (a) Ambient stability study of the control and 2TFAA device, (b) Contact angles, and (c) XRD of

Intensity, a.u.

0

the perovskite films kept in ambient condition.

Finally, the issue of stability in the perovskite device was addressed using TFAA
modification. Stability study (Figure 4.10a) was performed at relative humidity of 40+5%
and the TFAA-modified device was found to be superior to the control device under ambient
conditions (room temperature, relative humidity 40+£5%). After 1000 hours, the TFAA-
modified device retained 85% of its initial PCE, whereas the control device reduced to less
than 25% of its initial PCE. Contact angle analysis was performed to confirm the stability of
the perovskite films with water droplet (Figure 4.10b). It was found that the TFAA-modified
film was more hydrophobic than the control, hence more moisture resistance was observed in
the 2TFAA device. Likewise, the XRD spectra of the perovskite films (Figure 4.10c) kept in
ambient confirmed presence of Pbl, peak with more intensity for control, which was very

small in scale for 2TFAA.*
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4.4 Conclusion

In summary, multifunctional TFAA has been utilized as a perovskite passivating
agent that significantly improved the quality of the film and its crystallinity. TFAA-modified
perovskite was also used in fabricating p-i-n architecture solar cell device and champion
PCE>20% was obtained. This was improved from 15.08% PCE for the control device
without any TFAA. The photovoltaic results were highly repeatable with least variation of all
parameters. It was also proven that both the carboxylic acid and the fluoro groups had
individual role in improving the device parameters and achieving PCE beyond 20%. The
modified device displayed improved absorbance, reduced defects and non-radiative
recombination of the charges. Various trap studies confirmed the presence of deep trap states
for the control device which was reduced for the TFAA-modified device confirming trap
passivation of the perovskite. This resulted in reduced hysteresis in the modified PSC device.
Also, the photo-generated charges increased and the charge transport improved for the
2TFAA device compared to the control device. Consequently, the device with 2TFAA
displayed superior ambient stability due to the increased hydrophobicity of the perovskite
film. Hence, this method is a very useful technique in passivating PSC device using

multifunctional economical small molecules and achieving high PCE and stability.
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Abstract

Dual-passivation of MAPbIz-based perovskite using p-toluenesulfonic acid (PTSA) in the
bulk, and hydrophobic polystyrene (PS) at the surface significantly diminishes the trap-
density, and improves the device performances substantially. Sulphonic acid functional group
of PTSA interacts with the defects in perovskite and passivates the trap-states while PS
repairs the surface defects and increases the moisture resistance of perovskites. Thus,
improvement in perovskite crystallinity and formation of larger grain size occurs due to dual-
passivation, thereby enhancing the power conversion efficiency (PCE) to 20.62% from
15.14% of the device without passivation. Notably, the large-area dual-passivated device also
displays PCE ~18.5%. The modified device (PTSA2PS2) showcases reduced hysteresis and a
steady state output of >20%. The PTSA2PS2-based devices exhibit higher photo-generated
charges, lower charge recombination, reduced trap-density and better charge transport than
the control devices. The modified device retains 93% of the original PCE after 1000 hours

under ambient condition.
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5.1 Overview

In only over a decade, the state-of-the-art perovskite solar cells (PSCs) have achieved
new heights in the field of photovoltaic devices to compete with the currently utilized
inorganic photovoltaic technology.! > Perovskite materials offer various advantages such as
long carrier lifetimes, broad absorption, color tunability, long diffusion length, etc. which has
pushed the power conversion efficiency (PCE) of PSC beyond 25%.3 Since, PSCs can be
easily solution-processed for complete fabrication, various sustainable approaches have now
been integrated to develop large-area devices as well.®!® Many modifications are being
attempted in the bulk perovskite on its surface or as interlayer to increase both the PCE and
stability of the solar cell devices.!!"!” Anti-solvent treatment of the perovskite film is one of
the most common methods to reduce the defects, however, only anti-solvent treatments do
not ensure defect-free perovskite films for stable solar cell applications.?*?* Among the many
other strategies, addition of organic molecules in very small quantity into the precursor
solution is found to be one of the most useful techniques to reduce the perovskite defects
further.>>2® A very thin layer of such materials (polymers or small molecules) is sometimes
coated on top of the perovskite layer to realize the necessary passivation.??** In both these
approaches it has been observed that the trap-density in the perovskite reduces, which in turn
provides improvement in the device stability and performance.

Organic functional molecule-assisted perovskite crystallization control has been
explored for application in PSCs development. Among these molecules, acid functional
groups, e.g. carboxylic acid, sulphonic acid and phosphonic acid etc. containing compounds
have been largely investigated till date.>>*° These acid groups reduce the ion-migration in the
perovskite by interacting with the defects present in them, thus reducing the hysteresis of the
PSCs, and also increasing their PCE as well. Sulphonic acid is also a very good anti-oxidant
which tends to increase the ambient stability of the PSCs.** Another method to increase the
moisture resistance of perovskite and the device performance of PSCs has been the use of
economical hydrophobic polymers as dopant in the precursor solution or as an individual
layer on top of perovskite film.*'*** This technique has been so effective that a double layer
of the hydrophobic polymer has also been coated on either side of perovskite film to provide
the necessary surface passivation and charge transport for increasing the device PCE and

stability.*> However, the dual roles of (a) dopant organic molecule in the precursor solution,
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and (b) thin film of hydrophobic polymer fabricated on top of perovskite layer together in
one common device system using solution processing techniques have never been utilized to
realize remarkable stability enhancement as well as efficiencies including those in large-area
devices.

Subsequently, in this work, dual passivation of the perovskite has been strategized
using p-toluenesulfonic acid (PTSA) in the precursor solution and polystyrene (PS) as a top
surface layer judiciously. The sulfonic acid functional group of PTSA neutralized the defects
present in the perovskite when introduced as an additive in bulk, whereas the hydrophobicity
of PS assisted in making the perovskite layer moisture resistant. Varying concentration of
PTSA was added in the precursor solution and a thin layer of PS was coated on top of the
perovskite film by varying its concentration (Table 5.1). The films were characterized with
Field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD) study to
understand the modulation of grain size and crystallinity due to the dual passivation of
perovskite in the bulk and at the surface. PSCs were fabricated with this approach and
highest PCE of 20.62% was obtained for PTSA2PS2 device which improved from 15.14%
for the control device without any passivation. The modified device showcased reduced
hysteresis and steady state efficiency of >20% under illumination. The modified device also
exhibited reduced recombination current which improved the charge transport due to
decreased trap density of states (DOS). The PTSA2PS2 device also displayed enhanced
ambient stability due to the high hydrophobicity of the modified film. Large-area dual-
passivated device also demonstrated a PCE of ~18.5% confirming its utilization in future

commercialization.

Table 5.1: Device/Film type based of the concentration of PTSA and PS for dual passivation strategy.

Device/Film Type  PTSA (mg/mL) PS (mg/mL)

Control 0 0
PTSA1PS2 1 2
PTSA1PS4 1 4
PTSA2PS2 2 2
PTSA2PS4 2 4
PTSA3PS2 3 2
PTSA3PS4 3 4
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5.2 Experimental Section
5.2.1 Materials

Fluorine doped tin oxide (FTO) coated glass (7€2/sq.), Lead iodide (Pbl2,99%), p-
toluene sulphonic acid (PTSA, >99%), Polystyrene (PS, >99%), anhydrous DMF, anhydrous
DMSO, Rhodamine-101 and silver was purchased from Sigma Aldrich. Methylammonium
iodide (MAIL 99%) was purchased from Greatcell Solar. (6,6)-Phenyl-C61-butyric Acid
Methyl Ester (PCBM, >99.5%) was purchased from LUMTEC for electron transport layer.
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, PVP Al 4083) was
procured from Clevios for hole-transporting layer. All the materials were used as received

until otherwise specified.
5.2.2 Device Fabrication

The solar cell devices were fabricated on FTO coated glass which was pre-patterned
and cleaned sequentially in soap solution, de-ionized water, acetone and isopropanol. The
substrate was then dried under N> gas and UV-ozone treated before further processing. NiOx
precursor solution for hole-transporting layer was prepared by dissolving 1M Nickel nitrate
hexahydrate and 1M Ethylenediamine in ImL Ethylene Glycol. Then the NiOx layer was
coated as hole transporting layer on the cleaned FTO. NiOx precursor solution was spin
coated onto the FTO substrates at 3000 rpm for 40 sec. Afterwards the substrates were post-
annealed at 300 °C for 60 min in ambient air. The MAPbI; precursor solution was prepared
in a glovebox by dissolving MAI and Pbl> was mixed in the ratio 1:1 (Molar concentration
1.26) in y-Butyrolactone and DMSO (7:3, v/v). The solution was heated overnight prior to
spin coating. For the modified device, different concentrations of PTSA additive were added
to the precursor solution [1 mg/mL, 2 mg/mL and 3 mg/mL]. PS was coated on top of
perovskite layer with either 2 mg/mL or 4 mg/mL concentration in chlorobenzene. The
precursor solution was spin coated on the NiOx coated FTO in a two-step spin coating
process i.e. 750 rpm for 20 sec and 4000 rpm for 60 sec. In the second step 160 mL
anhydrous Toluene was dripped after 20 sec as antisolvent and after that the substrates were
annealed at 80° C for 10 min. 12 mg/mL PCBM in chlorobenzene was used as electron

transport layer which was spin-coated at 1200 rpm for 30 sec on top of perovskite. Lastly,
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thin layer of rhodamine-101 in isopropanol was spin-coated at 4000 rpm for 30 sec. 100 nm
of Ag as cathode metal was vacuum deposited at 10 mbar pressure. The overall device

architecture was FTO/NiOx/Perovskite/PCBM/Rhodamine-101/Ag.
5.2.3 Characterization

The perovskite films were characterized by X-ray diffraction (XRD, Rigaku
Micromax-007HF diffractometer equipped with Cu Kal irradiation [A =1.54184 A]), UV—vis
absorption spectroscopy (PerkinElmer Lambda-35), field emission scanning electron
microscopy (FESEM, JEOL JSM-7610F), and. The current density—voltage (J—V)
characteristic curves were recorded with a Keithley 2400 source meter in argon atmosphere
for dark characterization. All light characterization was done by illuminating the device with
a solar simulator (Newport, Oriel Sol 3A solar simulator, AM 1.5G, 100 mW cm2). The
steady state current analysis, Mott-Scottky and impedance spectroscopic measurement were
performed using an electrochemical workstation (CH Instruments 760D). An Oriel IQE-200
instrument was used to record the incident photon-to-current efficiency (IPCE) in ambient

condition.
5.3 Results and Discussions

The dual passivation of perovskite layer was carried out carefully (Figure 5.1a),
where PTSA was introduced in the precursor solution for passivating the bulk and PS was
spin coated above it for protecting the perovskite layer from moisture. FESEM images of all
the dual passivated and control films (Figure 1b-h) showed that the grain size of the control
film (without any passivation) was very small in size. However, prominent grain size
increment occurred for all the modified films with largest grain size for PTSA2PS2 and
PTSA2PS4 films. The film quality for the modified films improved due to the
recrystallization of the perovskite grains as a result of dual passivation approach.'! The
crystallinity of all the films was verified using the XRD study (Figure 1i). All the perovskite
films displayed the polycrystalline MAPbI3 peaks for 110, 220 and 310 planes at 14.10°,
28.44° and 31.86° 20 values, respectively confirming appropriate perovskite formation. Also,
the improvement in the grain size of the perovskite films can be attributed to the increased

crystallinity as evident for the peak intensities of the XRD spectra.
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Figure 5.1: (a) Schematic representation of dual-passivation coating, FESEM images (scale bar = 500 nm) of (b)
control, (¢) PTSA1PS2, (d) PTSA1PS4, (e) PTSA2PS2, (f) PTSA2PS4, (g) PTSA3PS2, (h) PTSA3PS4, and (i)

XRD patterns of all perovskite films.
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Figure 5.2: Electro-static profile of PTSA.

Electrostatic potential profile (Figure 5.2) confirms that the sulphonyl groups being
electronegative can interact with the perovskite and assists in the formation of defect-free
crystalline perovskite films. 15 devices of each type having the p-i-n architecture of

FTO/NiO/Perovskite/PS/PCBM/Rhodamine-101/Ag were fabricated. The control device
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was also fabricated without any PTSA additive or PS layer. The variation in each type of
device parameters is presented in the box-chart (Figure 5.3). It is clearly evident that the
variation in the device results minimized with the dual passivation strategy and was the
minimum for PTSA2PS2 device. For any given concentration of PTSA, the PCE is higher for
the device with PS concentration 2 mg/mL (PS2) compared to 4 mg/mL (PS4) as all device
parameters decreased for higher PS concentration. The reduction in device PCE at higher
concentration of PS was most likely due to the slightly thicker insulating nature of the layer
which opposes the carrier transport from the perovskite to the electron-transport layer

through tunneling.**
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Figure 5.3: Box chart showing variation in (a) PCE, (b) Jsc, (¢) Voc, and (d) FF for 15 devices of each type.

The typical J-V graphs for the best devices of each type are presented in Figure 5.4a

and the photovoltaic results with the statistical parameters are given in Table 5.2. The control
device without any passivation resulted in a maximum PCE of 15.14% (average 13.65%)
with Jsc = 21.25 mA c¢cm?, Voc = 1.008 V and FF = 70.7 %. With the dual passivation of the
perovskite layer, the PCE improved significantly to 20.62% (average 19.90%) with Jsc =
23.25 mA cm?, Voc = 1.114 V and FF = 79.6 %. Only PTSA (PTSA2) and only PS (PS2)
devices were also fabricated and highest PCE of 18.51% and 18.31%, respectively were

99

TH-2676_166153004



Chapter 5 Dual-passivated Perovskite Solar Cell

obtained (Figure 5.4b). Hence, it can be confirmed that both PTSA and PS played significant
role in improving PCE beyond 20%.

Table 5.2: Photovoltaic parameters of all types of fabricated using dual-passivation approach.

2

Device Type Jse, mA em. Voc, V FF, % PCE (average)®, %
Control 21.25 1.008 70.7 15.14 (13.65+0.73)
PTSA1PS2 22.17 1.057 74.3 17.47 (16.15+0.63)
PTSA1PS4 21.67 1.041 73.2 16.51 (15.44+0.60)
PTSA2PS2 23.25 1.114 79.6 20.62 (19.90+0.34)
PTSA2PS4 22.58 1.094 77.8 19.21 (18.29+0.49)
PTSA3PS2 21.92 1.124 76.1 18.75 (17.60+0.54)
PTSA3PS4 20.92 1.107 74.3 17.21 (16.05+0.51)
PTSA2 23.39 1.071 73.9 18.51 (17.36+0.69)
PS2 22.88 1.053 76.0 18.31 (17.11£0.68)

2Average and standard deviation of 15 devices.

o o
£ £
: ’ G ° —— PTSA2 u
£ -5 —o— Control (a) < ol PS2 (b)
- —— PTSA1PS2 = -
> —— PTSA1PS4 =
d
%107 | ——PTsA2ps2 10
S —— PTSA2PS4 c
Q-151 |—— PTSA3PS2 8 154
et
£ —— PTSA3PS4 -
O .20 =
= O 20
o '25 T T T T T T :
00 02 04 06 08 1.0 1.2 ©O .250] . . . ; ;
Voltage, V 00 02 04 06 08 1.0

Voltage, V

Figure 5.4: J-V curves of the (a) dual-passivated & control devices, and (b) only PTSA and only PS passivated

devices.

This improvement in the Jsc for the dual-passivated device can be ascribed to the
increase in grain size of the modified perovskite layer which resulted in enhanced absorption
compared to the control film (Figure 5.5a). The photon harvesting of the PTSA2PS2
perovskite was improved which resulted in higher charge generation in the photo-active

layer. Again, the Tauc plot (Figure 5.5b) confirmed that the bandgap of the perovskite film
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was barely altered which further confirmed that the Voc loss of the dual passivated PSC

device was minimized.
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Figure 5.5: (a) UV-vis absorbance, and (b) Tauc plot.

Since the defects were passivated in the perovskite layer due to the dual passivation
strategy, the ion-migration reduced and the hysteresis in the J-V forward and reverse scans
narrowed for the PTSA2PS2 device as compared to the control device (Figure 5.6a). The
hysteresis index (HI) (difference between the forward and reverse scan PCEs) calculated for
the control and modified devices were 13.4% and 3.6%, respectively. The external quantum
efficiency (EQE) of both the control and PTSA2PS2 devices was broad in nature (Figure
5.6b). However, the EQE of PTSA2PS2 solar cell device was higher in magnitude compared
to the control throughout the spectrum and was similar to the UV-vis spectrum. The
integrated Jsc was also computed from the EQE spectra of both the control and PTSA2PS2
devices and the results were well-matched with the measured Jsc values obtained from the J-
V' graphs. Steady state analysis (Figure 5.6¢) was performed on the solar cell devices to
confirm its stability under light. It can be seen that both the control and PTSA2PS2 devices
were almost stable under light for 500 seconds. The steady-state PCE obtained from the
control was >14.5%, whereas the same for PTSA2PS2 was >20%. PTSA2PS2-based large
area devices (~2.5 cm?) were also fabricated and their utility confirmed for commercial
applications (Figure 5.6d). A very high PCE of ~18.5% was obtained for this large area

device, confirming the influence of dual passivation for practical utility.
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Figure 5.6: (a) Hysteresis study of control and PTSA2PS2 device, (b) EQE and integrated Jsc spectra of control
and PTSA2PS2, (c) Steady state analysis of control and PTSA2PS2, and (d) J-V of large-area PTSA2PS2

device.

Impedance spectroscopy (Figure 5.7a) was performed to study the charge
recombination dynamics of the photovoltaic devices. The larger semi-circle of the
PTSA2PS2 device confirms that the resistance of recombination (Rrec) was larger in this case
as compared to the control. On fitting this data to the equivalent circuit present in the inset,
the Ric was found to be ~48 KQ and ~8 KQ for PTSA2PS2 and control devices,
respectively. The higher value of R for PTSA2PS2 confirms that the current due to the
recombination of charges reduced and hence, loss of the photo-generated carriers was
minimized as a result of the dual passivation strategy. Lower recombination in the device
having dual-passivation would have resulted in higher Voc than control.*® Thereafter, Mott-
Schottky (MS) analysis confirmed that the built-in potential of the dual passivated device
was higher than the control (Figure 5.7b). This can also be a probable reason for improved

Voc of the modified device.*” The residual charge density calculated from the slope of the
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MS plots was found to be 3.55 x 10'® and 1.84 x 10'¢ cm™ for control and dual-passivated

device, respectively. This confirms smooth charge transfer process from the perovskite layer

to the electrodes through the transport layers for the dual-passivated devices.
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Figure 5.7: a) Impedance Spectroscopy, and (b) Mott-Schottky analysis.

=—o— Control —— Control
80 - —_——
PTSA2PS2 w —— PTSA2PS2
e € 90
£ 60+ ]
o (a) c (b)
2 S
0 40 ‘O 804
g ©
. 2
201 O
0 \\\ 70 -
0.65 0.70 0.75 0.80 0.85 0.90 0.65 0.70 0.75 0.80 0.85 0.90
Voltage, V Voltage, V
B e Control Fit
> PTSA2PS2 — Fit

0.6 0.7 0.8 0.9 1.0
Energy level, eV vs HOMO of HTL

Figure 5.8: (a) Recombination resistance versus voltage plot (b) Capacitance versus voltage plot, and (c) Trap
DOS versus energy level plot.
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Impedance spectra was also recorded for varying voltages and the Ry and
capacitance values were obtained from fitting the equivalent circuit for each voltage. Rrec was
higher for all voltages for the modified device confirming that the loss due to charge
recombination was restrained for them (Figure 5.8a). The capacitance, arising from the
accumulated charges in the device, was lower for the dual-passivated device, which assures
that the photo-generated charges are transported conveniently resulting in enhanced Jsc
values (Figure 5.8b). The density of states (DOS) due to the trap-states was calculated from
exponentially fitting the capacitance data obtained at various voltages (Figure 5.8c).
Expectedly, DOS for the modified device was lower and its distribution was narrower
compared to control.>>*® This ensured lower recombination and better charge transport in the

PTSA2PS2 resulting in improved Voc and Jsc, hence higher PCE than the device without any

modification.
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Figure 5.9: (a) Dark J-V plots of the solar cell devices, and (b) Jyn versus Vesr plot.

For more detailed trap-related studies, first the dark J-V curves for control and
PTSA2PS2 were recorded and analyzed (Figure 5.9a). The dual-passivated device displayed
lower reverse saturation current than control confirming lower leakage current in the device.
Thereafter, photo-current (Jpn) versus effective voltage (Vefr) plot was studied by taking the
difference of J-V curves under light and dark (Figure 5.9b). For PTSA2PS2, the value of Jpn
was more for all Vegr which concludes that the generation rate of the charges was higher

which contributed to the current. This was due to the smooth quality perovskite film with
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reduced trap-states formed as a result of dual-passivation which accounted for enhanced

photon harvesting.
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Figure 5.10: (a) Dark J-V curve of hole-only device, (b) In(4) versus energy plot to estimate Urbach energy, and
(c) PL spectra of the perovskite films.

The trap-density was calculated by fabricating a hole-only device of the architecture
FTO/NiO/Perovskite/MoO3/Cu and recording the Vtrr value from the dark J-J graphs
(Figure 5.10a). VreL is directly proportional to the trap-density and found to be lower for
PTSA2PS2 (3.95 x 10" cm™) than control (5.47 x 10'° ¢m™).* Urbach energy (E.) was
calculated from the inverse slope of In(absorption coefficient, 4) versus photon energy plot
(obtained from the UV-vis results) for both the perovskite films to quantify the defects at the
tail-states of the absorbance onset (Figure 5.10b). Eu was calculated to be ~55 meV for the
control film, whereas it reduced to ~48 meV for PTSA2PS2 which validated that the defects
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in the modified perovskite was effectively passivated. The lower non-radiative recombination
for reduction of defects was confirmed by enhanced intensity of the steady state
photoluminescence study (Figure 5.10c). The blue-shifted dual-passivated film was observed
at 764 nm from 770 nm of the control film which verified trap-passivation of the perovskite.
This confirms that the deep trap in the perovskites have reduced which minimizes the trap-

density that resulted in higher device performance.’® !
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Figure 5.11: (a) Jsc variation with light intensity, and (b) Voc variation with light intensity.

Furthermore, light dependence on Jsc and Voc were studied to understand more about
the nature of recombination due to the deep trap states (Figure 5.11a, b). From the slope of
the log-log plot of light intensity versus Jsc, the value of a was estimated. Bimolecular or
non-radiative recombination in the device is said to be zero, if the value of o is 1 and a
typical solar cell device has a ~1 for minimum photo-generated charge loss. PTSA2PS2
device displayed an a value of 0.99 compared to 0.95 for the control which signifies that
non-radiative recombination is minimized as a result of dual-passivation due to the reduction
in the defect sites of the perovskite. Ideality factor (n) was projected from the semi-log plot
of light intensity versus Voc. Generally, the value of n lies in between 1 and 2 for a typical
device. If the value of n is closer to 1, then the recombination i1s lower while the
recombination increases due to presence of deep trap sites once the value of n moves closer
to 2. The value of n for the control and PTSA2PS2 device was found to be 1.30 and 1.65,
respectively. Thus, it can be concluded that the dual-passivation strategy resulted in lower
deep trap sites in the perovskite which in turn reduces the recombination losses in the solar

cell device.’?> >3
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Figure 5.12: (a) Contact angle measurement, Normalized device parameters variation when put through ambient

stability (b) PCE, (c) Jsc, (d) Voc, and (e) FF.

Finally, both perovskite films and solar cell devices were put through ambient
stability test at room temperature and relative humidity of 50+5%. Expectedly, the
hydrophobicity increased tremendously for the dual-passivated film with respect to the
control as observed from the contact angle measurement (Figure 5.12a). The dual-passivated
device outperformed the ambient stability test and was found to retain 93% of its initial PCE
after 1000 hours of study (Figure 5.12b). However, the control device could only manage to
maintain 20% of its preliminary PCE at the end of 1000 hours. The other parameters were
also plotted to check the main contributor of the device degradation process (Figure 5.12c-e).
It was observed that there was not much of decay in the Voc of either device at ambient
conditions, however, both Jsc and FF reduced rapidly. Anti-oxidant sulphonic acid group of
PTSA and hydrophobic PS helps to delay the degradation process of the devices when kept
in ambient.’* * Also, films with pin-holes and smaller grain size are known to degrade faster

compared to the one showing larger grain size and fewer pin-holes.’* To know more about
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the degradation process, XRD analysis was performed for the control and dual-passivated
films after 1000 hours and compared to the freshly prepared films (Figure 5.13). It was
observed that a large Pbl, peak at 12.6° appears for the control film after 1000 hours, which
was missing from the dual-passivated film. Both PTSA and PS assisted in increasing the
hydrophobicity of the perovskite and facilitated in maintaining the ambient stability of the

modified device.
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3 L e B
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Figure 5.13: XRD patterns of the perovskite films to check ambient stability.

5.4 Conclusion

In summary, a novel dual-passivation approach using PTSA and PS polymer has been
developed to simultaneously increase the hydrophobicity, crystallinity, sustainability and
long-term stability of the perovskite film. Morphology studies suggested that the grain size of
the dual-passivated film increased and also displayed fewer pin-holes. Photovoltaic devices
fabricated using the dual-passivation strategy showed highly repeatable PCE and the overall
parameters displayed minimum variation. The champion PCE of 20.62% was recorded for

the PTSA2PS2 device which has improved significantly from the control device bearing
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15.14% efficiency. The modified device showed reduced hysteresis, and a steady state PCE
of >20% was also recorded under illumination. Dual-passivated large-area photovoltaic
device (~2.5 cm?) also displayed highest PCE ~18.5%. The dual-passivation resulted in
reduced recombination, improved charge transport and lower trap density compared to the
control. Due to the increased hydrophobicity the ambient stability of the solar cell device also
improved as a result of dual-passivation approach. Overall, this procedure demonstrates that
even the smallest incremental changes within a layer and above, turn economical molecules
into choicest materials for sustainable devices that not only increase the stability remarkably,
but also crosses the PCE barrier for large-area devices. This dual-passivation approach
leading to stable and efficient perovskite could help for future commercialization of this solar

cell technology.
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Chapter 6

Summary and Prospects

Engineering Solar Cells
I
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6.1 Summary

The growing demand for clean energy sources due to the ever increasing pollution
from the fossil fuels have prioritized to growth of solar energy exploration. Both organic
solar cells (OSCs) and perovskite solar cells (PSCs) have shown promising growth in terms
of efficiency and stability to challenge the other photovoltaic technologies towards
commercialization. This thesis is focused on engineering the active layer of OSC and PSC
towards improving the solar cell device performance. Initially, hot-casting technique has
been used in modulating the morphology of the active layer in the OSC and PSC. Finally,
bulk and surface passivation of perovskite using additive engineering was carried out to

reduce the defects in the perovskite and improve the solar cell device performance.

The first chapter of this thesis discussed the need for energy, a brief history of the
development of solar cell, the solar cell device parameters and techniques used to define
solar cell performance, generations of solar cells, working principle and device architecture
of OSC and PSC has been presented. The chapter also covers various device engineering
techniques that have been used across the globe in the development of high-performance

OSCs and PSCs.

In the second chapter, the role of hot-casting technique in modulating the thickness
and morphology of the active layer for OSC fabrication has been studied. A detailed study of
absorption, crystallinity, morphology and solar cell performance has been carried out. Active
layer mobility and photovoltaic parameters loss due to presence of traps have been also
covered. It has been proved that the hot-casting technique can be employed to develop thick

active layer OSCs without comprising on the device performance.

Chapter three demonstrated crystallization and grain growth regulation through the
addition of methyl ammonium lead bromide (MABr) in mixed-halide perovskite precursor
solution for application in hot-casted PSC. The addition of MABr reduced the halide defects
and mitigated ion migration. Micrometer-sized grains and millimeter-sized grain boundary

was formed reducing the recombination centers in perovskite.

Chapter four described the use of trifluoro acetic acid (TFAA) with both fluoro and

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

performance and stability has been presented.

Finally, chapter five elucidated the dual-passivation of perovskite in the bulk and at
the surface using p-toluenesulphonic acid (PTSA) and polystyrene (PS), respectively to
enhance the efficiency and ambient stability of the solar cell device. This strategy of dual-
passivation shows the effectiveness of this technique in achieving good morphology

perovskite films with reduced trap states and ion migration.
6.2 Prospects

Extensive studies on molecular engineering of donor and acceptor materials have
been carried out to solve many issues en route high efficiency OSC. Also, various other
device engineering including varying the donor-acceptor ratio, thermal annealing and solvent
vapor treatment of active layer has been attempted to further minimize the losses and
improve the device performance. The hot-casting technique developed in this thesis for OSC
can be further combined with other device engineering to further understand the modulation
of active layer property for solar cell application. This technique can also be utilized with
other donor and acceptor systems (both fullerene and non-fullerene) to further enhance the

efficiency and develop thick OSCs.

The last decade is considered as the growth of PSC in the field of photovoltaic
technology. The power conversion efficiency (PCE) has reached beyond 25% and is
challenging its inorganic counterpart which has already seen the success of
commercialization. But, there are a few unanswered questions that are hindering its way
towards commercialization. Thus, for further growth the following strategies and challenges

could be considered.

The PCE of a PSC can be further improved by understanding the recombination
mechanism in the bulk and at the interfaces of the perovskite. Thereafter, the recombination
can be minimized by passivation of the traps. The composition of the perovskite can also be

varied to double/triple cations in structural evolution of perovskite crystal. Additionally, the
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hot-casting technique can also be employed to develop large grain perovskite films using

various compositional engineering.

Other than the PCE, stability of the PSCs is another important criterion to strengthen
the purpose of commercialization for this photovoltaic technology. A perovskite with ideal
cubic structure is required for better structural and operational stability. The tolerance factor
of the perovskite crystal should be closer to unity to facilitate high stability. The solution
processed perovskite fabrication results in many defects and strains in the film. Fabrication of
perovskite films with minimum crystal strain and desired orientation along with more air-
stable facets is anticipated. This is expected to raise the intrinsic stability of perovskite films
and also of the solar cell devices significantly. Further, the poor stability against humidity is
being controlled by the use of large size cation to form 2D or 2D/3D mixed perovskites.
More insights are required to understand the interaction of these large cations in perovskite
crystal to increase the stability. This will allow simultaneous enhancement of PCE and
operation stability of the solar cell devices. Finally, investigation and development of other
materials used in the fabrication of perovskites (including the transport layers) and for

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

Toxicity of lead poses a potential threat to commercialization of lead-based
perovskite photovoltaics. Although, tin-based perovskites have shown the possibility to be
used in solar cells, their stability is far behind the lead-based perovskites. Some additives
(SnF2, SnCl, etc) are being used to enhance the stability of tin-based perovskites, but the
result is not promising enough to be considered for commercial application. Further
exploration to understand tin-based perovskites might lead to improvement in the

performance and stability of these Pb-free PSCs.

For commercialization, both OSC and PSC need to be demonstrated on large-area
devices and modules. Therefore, the device engineering developed through this thesis can be
merged with the printing techniques such as doctor-blading or inkjet printing or spray coating
to develop large-area solar cell devices/modules. This will help in understanding the

problems that occurs in fabrication of solar modules for commercial usage.
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In summary, the work presented in this thesis demonstrates the strategy to develop
thick film OSC. It also shows the approaches to prepare high quality perovskite films with
large grains, less grain boundaries, and minimized trap states. These strategies were designed

with the aim to improve the performances as well as stability of solar cells.

118
TH-2676_166153004



Outcomes

Publications

1.

Ritesh Kant Gupta, Rabindranath Garai, Parameswar Krishnan Iyer, “Ambient Stable
Perovskite Solar Cell through Trifluoro Acetic Acid-mediated Multifunctional
Anchoring”, ACS Appl. Energy Mater., 2022, 5, 1571-1579.

Ritesh Kant Gupta, Rabindranath Garai, Parameswar Krishnan Iyer, “Dual-passivation
Strategy for Improved Ambient Stability of Perovskite Solar Cells”, ACS Appl. Energy
Mater., 2021, 4, 10025-10032.

Ritesh Kant Gupta, Rabindranath Garai, Maimur Hossain, Anwesha Choudhury,
Parameswar Krishnan Iyer, “Halide Engineering for Mitigating Ion Migration and
Defect-States in Hot-Cast Perovskite Solar Cells”, ACS Sustainable Chem. Eng., 2021, 9,
7993-8001.

Ritesh Kant Gupta, Rabindranath Garai, Maimur Hossain, Mohammad Adil Afroz,
Dibashmani Kalita, Parameswar Krishnan Iyer, “Engineering Polymer Solar Cells:
Advancement in Active Layer Thickness and Morphology”, J. Mater. Chem. C., 2021, 9,
8746-8775.

Ritesh Kant Gupta, Rabindranath Garai, Mohammad Adil Afroz, Parameswar Krishnan
Iyer, “Regulating Active Layer Thickness and Morphology for High Performance Hot-
casted Polymer Solar Cells”, J. Mater. Chem. C, 2020, 8, 8191-8198.

Rabindranath Garai, Ritesh Kant Gupta, Anwesha Choudhury, Parameswar Krishnan
Iyer, “Triple passivation approach to laminate perovskite layer for augmented UV and
ambient stable photovoltaics”. (Revised manuscript submitted)

Anwesha Choudhury, Ritesh Kant Gupta, Rabindranath Garai, Parameswar Krishnan
Iyer, “Tuning Polymer Semiconductor Morphology through Additive Engineering for
Stable Phototransistor”’, ACS Appl. Electron. Mater., 2021, 3, 5393-5401.

Rabindranath Garai, Ritesh Kant Gupta, Maimur Hossain, Parameswar Krishnan Iyer,
“Surface recrystallized stable 2D-3D graded perovskite solar cells for efficiency beyond
21%”, J. Mater. Chem. A, 9, 26069-26076.

Maimur Hossain, Rahul Narasimhan Arunagirinathan, Rabindranath Garai, Ritesh Kant

Gupta, Parameswar Krishnan Iyer, “Enhancing Efficiency and Ambient Stability of

119

TH-2676_166153004



Perovskite Solar Cells via Multifunctional Trap Passivation Molecule”, J. Mater. Chem.
C, 2021, 9, 14309-14317.

10. Mohammad Adil Afroz, Rabindranath Garai, Ritesh Kant Gupta, Parameswar Krishnan
Iyer, “Additive assisted defect passivation for minimization of open circuit voltage loss
and improved perovskite solar cell performance” ACS Appl. Energy Mater., 2021, 4,
10468-10476.

11. Rabindranath Garai, Ritesh Kant Gupta, Arvin Sain Tanwar, Maimur Hossain,
Parameswar Krishnan Iyer, “Conjugated Poly-electrolyte Passivated Stable Perovskite
Solar Cells for Efficiency Beyond 20%”, Chem. Mater., 2021, 33, 5709-5717.

12. Anwesha Choudhury, Ritesh Kant Gupta, Rabindranath Garai, Parameswar Krishnan
Iyer, “Tailoring trap density of states through Impedance analysis for flexible organic
field-effect transistors”, Adv. Mater. Interfaces, 2021, 8, 2100574.

13. Maimur Hossain, Rabindranath Garai, Ritesh Kant Gupta, Rahul Narasimhan
Arunagirinathan, Parameswar Krishnan Iyer, “Fluoroarene Derivative based Passivation
of Perovskite Solar Cell Exhibiting Excellent Ambient and Thermo-Stability Achieving
Efficiency > 20%”, J. Mater. Chem. C, 2021, 9, 10406-10413.

14. Rabindranath Garai, Mohammad Adil Afroz, Ritesh Kant Gupta, Parameswar Krishnan
Iyer, “Efficient Trap Passivation of MAPbI; via Multifunctional Anchoring for High-
Performance and Stable Perovskite Solar Cells”, Adv. Sustainable Syst., 2020, 4,
2000078.

15. Rabindranath Garai, Mohammad Adil Afroz, Ritesh Kant Gupta, Anwesha Choudhury,
Parameswar Krishnan Iyer, “High-Performance Ambient-Condition-Processed Polymer
Solar Cells and Organic Thin-Film Transistors”, ACS Omega, 2020, 5, 2747-2754.

16. Mohammad Adil Afroz, Ritesh Kant Gupta, Rabindranath Garai, Maimur Hossain,
Suyashpati Tripathi, Parameswar Krishnan Iyer, “Crystallization and grain growth
regulation through Lewis acid-base adduct formation in hot cast perovskite-based solar
cells”, Org. Electron., 2019, 74, 172-178.

17. Radhakrishna Ratha, Ashish Singh, Mohammad Adil Afroz, Ritesh Kant Gupta, Martin
Baumgarten, Klaus Miillen, Parameswar Krishnan Iyer, “6,7-Di(thiophen-2-
ylhnaphtho[2,3-c][1,2,5]thiadiazole =~ and  4,6,7,9-tetra  (thiophen-2-yl)naphtho[2,3-
c][1,2,5]thiadiazole as new acceptor units for D-A type co-polymer for polymer solar

cells”, Synth. Met., 2019, 252, 113-121.

120
TH-2676_166153004



18. Radhakrishna Ratha, Mohammad Adil Afroz, Ritesh Kant Gupta, Parameswar Krishnan
Iyer, “Substituting non-conjugating ester group on benzothiadiazole side chain in donor-
acceptor polymer improves the solar cell performance”, New J. of Chem., 2019, 43, 4242-
4252.

19. Rahul Kumar, Rakesh K Meena, Ritesh Kant Gupta, Parameswar Krishnan Iyer, M
Arun Tej, Shabari Nath, “Battery Charging of Smart Phones using Organic Solar Cells”,
2nd IEEE International Conference on Power Electronics, Intelligent Control and
Energy Systems (ICPEICES), 2018, 1-5.

20. Anwesha Choudhury, Priyanka Dogra, Biki Teron, Ritesh Kant Gupta, Anamika Dey,
Ashish Singh, Rabindranath Garai, Parameswar Krishnan lyer, “Morphology Control of
Mixed Halide Perovskite for its Application in Low-cost Thin Film Transistor”, 2nd
IEEE International Conference on Power Electronics, Intelligent Control and Energy
Systems (ICPEICES), 2018, 743-747.

21. Ashish Singh, Telugu Bhim Raju, Anamika Dey, Ritesh Kant Gupta, Parameswar
Krishnan Iyer, “Effect of Dual Cathode Buffer Layer on Ternary Organic Solar Cell”,
IEEE 44th Photovoltaic Specialist Conference (PVSC), 2017, 1034-1036.

Book Chapter

1. Ritesh Kant Gupta, Rahul Narasimahan Arunagirinathan, Mohammad Adil Afroz,
Rabindranath Garai, Anwesha Choudhury, Maimur Hossain, Ramesh Babu Yathirajula,
Parameswar Krishnan Iyer, “Functional Materials for Various Organic Electronic
Devices”, Chemical Solution Synthesis for Materials Design and Thin Film Device
Applications: Soumen Das, Sandip Dhara (Eds.), 2021, 119-165, Elsevier, Paperback
ISBN: 9780128197189, eBook ISBN: 9780128231708.

Patents Filed

1. Parameswar Krishnan Iyer, Ritesh Kant Gupta, Mohammad Adil Afroz, Rabindranath
Garai,“A High Efficiency Polymer Solar Cell and a Process for Fabricating the same”,
2020, Ref. No. 201931019186, Appl. No. 201931019186 A.

2. Parameswar Krishnan Iyer, Rabindranath Garai, Mohammad Adil Afroz, Ritesh Kant
Gupta, “PTB7-Th donor polymer based Donor- acceptor (D-A) conducting polymer
(CPs) suitable for polymer solar cells (PSC) and devices thereof”, 2020, Ref. No.
201931020744, Appl. No. 201931020744 A.

121
TH-2676_166153004



Conferences & Workshops

Conferences

1.

Research and Industrial Conclave (RIC2022) held at Indian Institute of Technology
Guwahati, Assam, India during January 20-23, 2022 (Best Oral Presentation Award)
7" International Conference on Advanced Nanomaterials and Nanotechnology
(ICANN2021) held at Indian Institute of Technology Guwahati, Assam, India during
December 14-17, 2021

. International Conference on Progress and Challenges In Modern Day Science

(PCMDS2021) organized by B. Barooah College, Guwahati, Assam, India during 17-18
June, 2021

International Symposium on Organic lontronics for Sustainable Future organized by
Materials Research Society of Japan (MRSJ) during December 9-11, 2020

Virtual conference on Materials for Energy Harvesting and Catalysis (MEHC2020)
jointly organized by Tata Institute of Fundamental Research and Indian Institute of
Science Education and Research Kolkata, India during May 1-3, 2020

International Conference on Nano Science and Technology (ICONSAT2020) organized
by S. N. Bose National Centre for Basic Sciences, India during March 5-7, 2020

6" International Conference on Advanced Nanomaterials and Nanotechnology
(ICANN2019) held at Indian Institute of Technology Guwahati, Assam, India during
December 18-21, 2019

2" IEEE International Conference on Power Electronics, Intelligent Control and Energy
Systems (ICPEICES2018) held at Delhi Technological University, India during October
22-24,2018

5" International Conference on Advanced Nanomaterials and Nanotechnology
(ICANN2017), held at Indian Institute of Technology Guwahati, Assam during
December 18-21, 2017

Short Term Courses/Workshops/Seminars

1.

2.

RSC Desktop Seminar Lectureship with EES (Joseph Hupp and Yana Vaynzof)
organized by RSC Publishing Webinars on March 31, 2021.
Out in the cold: CryoTEM organized by Jeol on January 12, 2021.

122
TH-2676_166153004



3. 6™ National Workshop on MEMS/NEMS and Theranostic Devices (NWNTD2018)
organized by Centre for Nanotechnology, IIT Guwahati, Assam during December 1-3,
2020.

4. Nature Nano — High Resolution AFM Imaging for Polymer Science organized by
Database Group @ Springer Nature on October 28, 2020.

5. Research level understanding and Hands-on Training on SCAPS-1D for the TCAD
designing of solar cells organized by Chitkara University Punjab during September 22-
25, 2020.

6. International Day of Light (IDL-2020) organized by IEEE Photonics Society and SPIE
student chapters, Department of Physics, IIT Guwahati on May 16, 2020.

7. 5™ National Workshop on MEMS/NEMS and Theranostic Devices (NWNTD2019)
organized by Centre for Nanotechnology, IIT Guwahati, Assam during February 21-23,
2019.

8. 2-Day INUP Familiarization Workshop On Nanofabrication Technologies organized
jointly by National Institute of Technology Silchar and Indian Institute of Technology
Bombay during January 28-29, 2019.

9. 4™ National Workshop on MEMS/NEMS and Theranostic Devices (NWNTD2018)
organized by Centre for Nanotechnology, IIT Guwahati, Assam during February 26-28,
2018.

10. Biomedical Device Technology: Quick look of Technologies held at Indian Institute of
Technology Guwahati on December 18, 2017.

11. Vacuum Technology and its Application in Optical Science organized by SPIE IIT
Guwahati Student Chapter and Pfeiffer Vacuum Pvt. Ltd. In association with Department
of Physics, IIT Guwahati on August 19, 2017 at [IT Guwahati.

12. Flexible Electronics organized by Samtel Center for Display Technologies (SCDT),
Indian Institute of Technology Kanpur and Ministry of Electronics & Information
Technology during July 03-08, 2017 at IIT Kanpur.

13. 3" National Workshop on MEMS/NEMS and Theranostic Devices (NWNTD2017)
organized by Centre for Nanotechnology, IIT Guwahati, Assam during February 21-23,
2017.

123
TH-2676_166153004



