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VOC: Open-circuit voltage JSC short-circuit current density
FF: Fill factor DSSC: dye-sensitized solar cell
ETL: Electron-transporting layer
HTL: Hole-transporting layer
MA: Methylammonium
FA: Formamidinium
FTO: Fluorine-doped tin oxide NC: nanocrystal
HTM: Hole-transporting material
FWHM: Full width at half maximum
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CB: Conduction band
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XRD: X-ray diffraction
AFM: Atomic force microscopy
TEM: Transmission electron microscopy
XPS: X-ray photoelectron spectroscopy
EF: Fermi level
Eg: Band-gap
q: Elementary charge
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Abstract

Synthesis and Applications of Sequential Dip Coated Processed
Perovskite Materials

Muhammad Adnan
Advisor: Prof Jae Kwan Lee
Department of Chemistry

Graduate School of Chosun University

Recently, organic-inorganic lead halide perovskite solar cells (PrSCs) have
received intense attention from the scientific community because of their
marvelous breakthrough power conversion efficiencies (PCEs), making them
propitious to conventional silicon-based solar cells. Hence, an intense research
has been devoted for the development of an efficient fabrication methods for
perovskite material layers in PrSCs research. In principally, the crystallinity, the
surface coverages and uniformity of perovskite materials, particularly
alkylammonium lead halide (RNH3)PbX; (R= alkyl, X= CI, Br, 1), on the
substrate are censorious for boosting the PCEs of the PrSCs devices. But, the
fabricated PrSCs frequently possessed small active areas and suffered from the
substrate size limitation by the spin-casting technique. Herein, we will present a
facile, cost effective and environmentally benign approach to prepare efficient
perovskite materials by simple dip-coating deposition. This study will readily
demonstrate by all sequentially dipping of a ZnO covered TiO, film in an aqueous
Pb precursor solution and then in MAI or mixed halide MAI/MACI solution. This
process is in contrast to the conventional spin-casting approach with detrimental
organic solvents such as DMSO and DMF. We suspect that the perovskite

iX
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materials fabricated from this process will exhibit a superior crystallinity,
morphology and surface coverages even in large surface area substrates, which
might be a step forward towards the commercialization of PrSCs materials. Also,
the MAPDI; or any other mixed halide perovskites formed by a Pb(NOs), and Pbl,
may undergoes additional ion-exchange reactions with un-reacted Pb(NOs3),,
even in the solid state, resulting in decomposition into the Pbl,. We hope that by
controlling all sequential dipping conditions, we will achieve a notable PCE for
the PrSCs fabricated by using an aqueous halide-free lead precursor solution
without spin-coating process, ensuring an environmentally friendly and low-cost

manufacturing processes.
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Chapter 1 — Introduction

Background
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1.1 Energy

Energy is the backbone for the survival of human civilization in this planet. The energy
consumption and its need are growing day by day and is closely correlated with the progress
of human development. The energy requires to consume per capita can quantitatively define
the expansion of population in terms of technology.

This energy depletion includes total energy exploit by every energy origin from every
technological sector across the globe accept energy utilize from food and directly from biomass
burning [1-2]. But the demanding part is that with the progress of human advancement there is
a rapid increase in need for various energy sources. Majority of non-sustainable energy sectors
(such as oil, natural gas, coal etc.) have limited capacity. Furthermore, few of them have a
serious hazardous effect on environment. So, there is a continuous search for suitable energy
sources which are sustainable and are environmentally friendly. Renewable energy sources
could be an alternate solution for this issue although, the generation costs of energy from these

provenances are still much higher.

World energy consumption by energy source (1990-2040) =

- g, . S
quadrillion Brtish thermal units 2015 €la
250 history projection petroleum
and other
__,___._._--""",— liquids

200 -
natural gas

150 :/ codal
renewables

100 /

50 /
— nuclear
0

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 1: Worlds energy consumption map
1.2 Renewable Energy
Renewable energy is the latest hot issue for the globe and is obtained from various renewable
energy resources such as wind, sun-light, tides, waves, geothermal heat etc. [3]. These
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renewable energy sources considered most sustainable and are environmentally friendly.
Renewable sources have potential to provide long-term energy solutions in the future. In 2012,
the renewable energy sources produced just 19% of the world’s total energy consumption, and
rest of 81% was coming from combination of non-renewable sources such as petroleum, coal,
natural gas and nuclear energy.

The main purpose to get energy from these non-renewable sources is the ease of getting energy
from these sources. More to that these sources could be stored for long terms and can be shipped
from one place to another with any type of transportation. But majority of these sources are
proved hazardous and are not environmentally friendly. For instance, burning coal produces
many toxic gases and pollutants in to the atmosphere. Coal mining is also considered one of
the most dangerous job in the world and have already caused very serious accidents [4].
Importantly, these non-renewable sources are depleting day by day very rapidly and are very
limited and there is a threat that these will be finished soon. Therefore, the search for renewable
energy sources are getting great attention, now a days.

Solar 2% Geothermal 2%

8%

Biomass 29

Figure 2: Renewable energy consumption report

In our universe, we have a plenty of renewable energy sources such as wind, sunlight, tides,
waves, geothermal heat etc. Because of this, there is a rapid increase in search for more and
more renewable energy sources [5]. In the past decades, hydro and wind sources are the hottest

ones and these are dominatingly used as compared to others, but, due to rapidly increasing

3
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demand of energy scientist now moving to solar PVs also to overcome the world’s energy
crises.
1.3 Solar Energy
The source of solar energy came from sun via the electromagnetic rays. It is important to know
that only a very small fraction of solar energy arrives to the earth from sun, but, that is enough
to fulfill the all energy need of this globe. Solar energy is considered as one of the most
promising sources of renewable energy and have already showed its worth to be a great prime
source of energy in the future. The solar energy has the following various advantages:

® Solar energy is abundant in nature.

® Solae energy is mostly environmentally friendly.

® The production and continuation cost of solar panels is very low as compared with
other technologies.
This technology can have almost no noise pollution.
It provides a very reliable source of energy.
Solar power also provides energy security.

Solar energy is also considered as a most durable and convenient source of energy.

Solar 23,000 TW

® Tidalo.3Tw

World Ener:
@ Wave 02-2TW consumptio%y

16 TW
@ Geothermal 03-2Tw

@ Hydro 341w

o Biomass 2-6 TW

Wind
25-70 TW qas 240 TW-yr

215 TW-yr

Figure 3: Global energy potential
4
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The possible maximum potential of solar energy has been shown in figure 3. The possible
power that could be generated from solar energy is about 2300 TW/year that is very high as
compared to any other sources of energy. The consumption history of mankind shows that we
consume around 16 TW/year. Therefore, there is a specific need to get more and more power
from the sun to fulfill the basic needs of mankind. It is estimated that around 76% of total
energy was mainly originating from various non-renewable energy sources, while, the rest 24%
was coming from various renewable energy sources. And from this 24% which came from
renewable energy sources, we can sum up that only about 1.2% was primarily obtained from
solar modules [6-7].

Therefore, it is well realized that Solar PV is the future of clean and renewable energy and has
tremendous potential to meet with the global energy consumption, but there is couple of hurdles
to operate Solar PV as the primary source of energy. The possible reason for this is high cost
and lower PCE, this lower PCE is a threat to increase the cost per unit area as compared with
other different energy sources [8].

For a provided solar module, the electricity producing power of a solar panel mainly depends
on the materials overall PCE and the surface area of the module. Because of this, the panels
with lower PCE needs larger surface areas to meet up with the requirements. Such type of solar
modules considered most expensive and is not the interested ones for the society. There may
also be a hurdle in producing demanding power from the solar panels is the cloudy environment
where panels unable to receive enough power from sun to convert that into electricity.
Therefore, a sufficient source of storage is required to overcome such type of problems for the

bad days and the production of highly smart solar panels is the main requirement of the system.
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REmap 2050: 222 EJ

Biomass buildings, 7%

Biomass industry, 10% Solar PV, 15%

Renewable DH, 2%

Geothermal heat, 3%

Solar thermal, 7% —

Wind, 24%

Hydrogen, 3%

Liquid biofuels/biogas,
10%

Hydro power, 8%

Others (incl. Marine), /
2% ~CSP, 3% Biomass power, 3% — Geothermal , 2%

Figure 4: Renewable energy share from renewable sources in global energy consumption in
2020

But the encouraging sign for Solar PV is that the cost per unit power is going down
exponentially over the years (Figure 4) [9]. Figure 4 presented the comparison of solar
technology with others and convinced us that if move on with this research by 2030 then we
can assume that the future is on the shoulders of solar photovoltaics due to their outstanding
results, best fitted for the economy and the environment, respectively.

1.4 Photovoltaics

The development required to convert solar power into electric power is known as photovoltaics.
This approach could not be completed without the employment of various SCs panels [10].
This phenomenon is the main backbone of solar power generation. Importantly, people (Bell
lab) get started this phenomenon in 19" century by developing a first solar device in early

1950s. It has seen a real boost in R&D of photovoltaics technology, mainly in space
6
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applications. But, such type of panels has several draw backs and also quite expensive. SCs
research for silicon-based photovoltaics got a great attention in 1980s and scientists abled to
produce above 20% PCE of the devices. Afterwards, an intense research has been devoted for
thin films and multi-junction SCs and their demand increasing day by day because of their

promising advantages for the solar cells industry [11].
1.5 Solar cell overview

A solar cell is a device which can convert solar energy directly into electricity. Since the first
discovery of the photovoltaic (PV) act by Edmond Becquerel in 1839 [12] and the first
production of a 6% crystalline silicon solar cell by Chapin et al. in 1954 [13], this technology
has been greatly developed. Now crystalline silicon-based PV technology is very mature and
widely commercialized. By the end of 2016, the global installed PV power capacity has
increased to 315GW, and is predicted to double by 2019 [14]. The development of solar cell

technology has gone through three stages, which are known as three generations, as shown in

figure 5.
€0.10/Wp  €0.20/Wp €0.50/Wp
1m ,1 i - Thermodynamic
90 r - | | — Limit
80 7 1: Crystalline Silicon —
?0 "J ) f" . ) |
E\i 60 ; i/  2: Thin Films )
50 / /7 3 Beyond Horizon == €1.00/Wp
30
2 €3.50 /W
10 S
0
0 100 200 300 400 500
C . M. Green,
Cost, €7 oNsw

Figure 5: Diagram depicting the solar cells efficiencies and costs for three generations of PV

technologies
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1.5.1 First generation solar cells

Traditional solar cells are made from silicon, are presently the utmost desirable SCs available
for the commercial use and account for around 80% of solar panels being sold in the world.
Generally, silicon-based SCs are highly effective and long-lasting than non-silicon-based cells.
However, they are more at risk to lose some of their efficiency at higher temperatures (hot
sunny days), than thin-film solar cells [16-18].

For commercial purposes, there are four various kinds of silicon-based panel are being used.
Mainly, such type of panels is based on the type of silicon incorporated there.

Glass

light

Electrode Array

Si (n-type)

Si (p-type)

Back contact

Figure 6: Schematic diagram of first-generation solar cells

1.5.1.1 Monocrystalline silicon cells

The oldest solar cell technology and still the most popular and efficient are solar cells made
from thin wafers of silicon. These are called monocrystalline solar cells because the cells are
sliced from large single crystals that have been painstakingly grown under carefully controlled
conditions. Typically, the cells are a few inches across, and a number of cells are laid out in a

grid to create a panel.
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Relative to the other types of cells, they presented an efficient PCE (up to 24.2%), meaning
you will obtain more electricity from a given area of panel. This is useful if you only have a
limited area for mounting your panels, or want to keep the installation small for aesthetic
reasons. However, growing large crystals of pure silicon is a difficult and very energy-intensive
process, so the production costs for this type of panel have historically are the highest of all the

solar panel types.

Production methods have improved though, and prices for raw silicon as well as to build panels
from monocrystalline solar cells have fallen a great deal over the years, partly driven by
competition as other types of panel have been produced.

Another issue to keep in mind about panels made from monocrystalline silicon cells is that they
lose their efficiency as the temperature increases about 25°C, so they need to be installed in

such a way as to permit the air to circulate over and under the panels to improve their efficiency.

1.5.1.2 Polycrystalline solar cells

It is quite inexpensive to produce silicon-wafers in molds from multi-silicon crystals rather
than from a single crystal as the conditions for growth do not need to be as tightly controlled.
In this form, a number of interlocking silicon crystals grow together. Panels based on these
cells are cheaper per unit area than monocrystalline panels - but they are also somewhat less

competent (up to 19.3%).

1.5.1.3 Amorphous silicon cells

You probably never thought about it before, but most solar cells used in calculators and many

small electronic devices are made from amorphous silicon cells.

Instead of growing silicon crystals as is done in making the two previous types of solar cells,
silicon is deposited in a very thin layer on to a backing substrate — such as metal, glass or even
plastic. Sometimes several layers of silicon, doped in slightly different ways to respond to

different wavelengths of light, are laid on top of one another to improve the efficiency. The

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

production methods are complex, but less energy intensive than crystalline panels, and prices
have been coming down as panels are mass-produced using this process.

One advantage of using very thin layers of silicon is that the panels can be made flexible. The
disadvantage of amorphous panels is that they are considerably less effective per-unit area (up
to 10%) and are generally not suitable for roof installations you would typically need nearly
double the panel area for the same power output. Having said that, for a given power rating,
they do perform better at low light levels than crystalline panels - which is worth having on a

dismal winter's day, and are less likely to lose their efficiency as the temperature climbs.

However, there flexibility makes them an excellent choice for use in making building
integrated PV (e.qg., roofing shingles), for use on curved surfaces, or even attached to a flexible
backing sheet so that they can even be rolled up and used when going camping / backpacking,

or put away when they are not needed.
1.5.1.4 Hybrid solar cells

One recent trend in the industry is the emergence of hybrid silicon cells and several companies
are now investigating ways of mixing numerous materials to make SCs with improved

efficiency, longer life, and at reduced costs.

Recently, Sanyo introduced a hybrid HIT cell whereby a layer of amorphous silicon is
deposited on top of single crystal wafers. The result is an efficient solar cell that performs well

in terms of indirect light and is much less likely to lose efficiency as the temperature climbs.
1.5.2 Second generation solar cells

Second-generation SCs are generally known as thin-film SCs because of their construction, as
their layers are made up of few micrometers thick compared with multi-layered crystalline
silicon-based cells. The specific combination of low-cost materials and ease in fabrication
made this technology more attractive for the researcher community to produce inexpensive

large area devices for commercial purposes.
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There are mainly three different categories of SCs namely; amorphous silicon, and two that are
made from non-silicon materials as cadmium-telluride (CdTe), and copper indium gallium di-
selenide (CIGS). These technologies combinly produced about 16.8% of SCs panels being sold
in 2009 [19-21].

ZnO:Al

light e

Zn0O
> CdS
Cu(ln,Ga)Se,
Mo

e,

Glass Back

Power

Figure 7: Schematic diagram of second-generation solar cells

First Solar, the number one producer and seller of solar panels in the world currently makes
their solar cells using cadmium telluride. The big appeal of these type of solar cells is that they
are inexpensive (currently below $1.00 / watt to produce and heading towards $0.70 / watt).
However, as we discuss in the accompanying articles about cadmium telluride (CdTe) and First

Solar — there are some concerns about this technology.

Venture capitalists love CIGS solar cells (or at least used to — as they have invested over $2.3
billion into companies developing these cells but have yet to see them be a commercial success)
— as they have been able to reach efficiency levels of 20% in the laboratory. Unfortunately, it
has turned out to be much more difficult to produce CIGS solar cells in mass quantities at
competitive prices with anywhere near than efficiency level, so the jury is still out on this

technology.

11
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1.5.3 Third generation solar cells

Currently there is a lot of solar research going on in what is being referred to in the in the
industry as Third-generation solar cells. In fact, according to the number of patents filed last

year in the United States — solar research ranks second only to research in the area of fuel cells.

This is the hottest generation of SCs and being under an intense research. Here, a variety of
materials have been employed (nano-tubes, organic dyes, silicon wires, and conductive plastics)
except silicon to fabricate highly efficient SCs devices. The goal of course is to improve on the
solar cells already commercially available — by making solar energy more efficient over a wider
band of solar energy (e.g., including infrared), less expensive so it can be used by more and

more people, and to develop more and different uses.

Currently, most of the work on third generation solar cells is being done in the laboratory, and
being developed by new companies and for the most part is not commercially available. To
date, PSCs reported PCE of 25.2% [22].

1.5.3.1 Organic solar cells

In organic solar cells, organic polymers or small organic molecules are used for light absorption
and charge transport. Organic materials are normally flexible and lightweight, allowing organic
solar cells to be the same. In addition, molecular engineering makes the band-gap of organic
materials tunable, and the thickness can be reduced to _ 100 nm due to optical absorption
coefficients as high as 10° cm™. [23] However, since the bandgap of most organic materials
are large (above 2 eV for many cases), the harvesting of the incident light can be quite limited
[24], which makes organic solar cells less efficient. The highest record efficiency for organic
solar cells is still only 11% [25]. Apart from low efficiency, poor stability is another problem
for organic solar cells. Photo-oxidation or degradation can easily occur under illumination and

continuous exposure to oxygen or moisture, which results in the short lifetime of the organic
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solar devices and hinders their practical application [14].

Cathode
Buffer layer

Figure 8: Schematic diagram of organic solar cells

1.5.3.2 Quantum dots solar cells

Quantum dots are nanocrystals of semiconducting materials. The diameter of the quantum dots
is typically a few nanometers, which is so small that electrons are confined in all three
dimensions due to the quantum confinement effect. The band-gap of quantum dots can be tuned
simply by changing the dots size. As a result, photons with different wavelengths can be
harvested at the same time using mixtures of quantum dots with

different sizes, which can potentially make multi-junctional solar cells. Using CsPbl3
perovskite quantum dots (coated with formamidinium iodide (FAI) to enhance the carrier
mobility) as the absorbing material, a solar cell with a certified efficiency of 13.4% has been
achieved, and a high open-circuit voltage (Voc) of 1.2 V has been obtained [26].
Semiconductor nanocrystals (NCs) or quantum dots (QDs) have emerged in the last 25 years
as a new class of fluorescence nanomaterial with unique properties. Much is now known about

13
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how to control the size, shape, composition and surface chemistry of 11-VI and I1I-V QD
materials, allowing fine control of their photophysical and electronic properties. These insights
have paved the way for application in a wide range of areas including biological imaging, solar

cells, light emitting devices, phosphors and field-effect transistors.

.
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Figure 9: Schematic diagram of quantum dots solar cells

1.5.3.3 Dye-sensitized solar cells

A DSSC is based on a 5-20 um layer of a mesoporous oxide (normally TiO2) formed between
an anode and an electrolyte as shown in Fig. 10 [27]. The wide band-gap of TiO2 nanoparticles
(3.2 eV) means they can only absorb light in ultraviolet region [28]. Therefore, in DSSCs, to
enable the absorption towards sunlight in the visible region, a dye monolayer is adsorbed on
the mesoporous TiO2 layer. Photo-generated electrons in the dye molecules are rapidly injected
into the conduction band of TiO2 and then collected by the anode. The oxidised dye is then
regenerated by a redox couple, normally the iodide /triiodide couple in the organic electrolyte
which is further regenerated at the cathode. Overall, the device generates electric power from
sunlight continuously without consuming the electrode materials or the electrolyte.

Since the report of the first highly efficient DSSC by Brian O’Regan and Michael Gratzel in
1991 with an efficiency of 7.1-7.9% [29], the efficiency has reached 13% in 2014[30]. Though
the efficiency is still relatively low compared with silicon-based solar cells, DSSCs do show

some advantages [31]. They can be produced using low-energy-consuming roll to- roll
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techniques, on flexible substrates. They can also work under low light intensity condition due
to the scattering effect of the mesoporous TiO2 nanoparticles in the film. The main problem
hindering the application of DSSCs is their instability, mainly arising from the leaking of the
liquid electrolyte [32-33]. The electrolyte solution is made up of volatile organic solvents
which are hazardous to human health and the environment, and the corrosive nature of the
redox couple to plastic sealants also makes the sealing of the electrolyte a big challenge.
Alternatively, a solid p-type organic semiconductor with hole-transporting property is used to
replace the liquid electrolyte, providing a solid-state DSSC. The most commonly used hole
transporting material is Spiro-OMeTAD [20-33]. However, since the optimal film thickness of
the mesoporous TiO2 layer is 2-3 _m which is not sufficient for efficient optical absorption
[24], it ended up with no big improvement in the efficiency [34], until perovskite materials

replaced dyes as the sensitizer.

Light

Substrate| Conducting glass

Dye-coated

2 * # »
TiO, (electrode)(_ﬁ.}'\.K '/.‘_'I\"\/’\:,\ ./' l
Electrolyte (containing I <
redox couple) < T—— < i _) §
3

Pt (counter electrode)< . ,
Substrate | Conducting glass

Figure 10: Schematic diagram of dye-sensitized solar cells
1.6 Perovskite solar cells

Since, the first use of perovskite in solar cells in 2009 [26], the efficiency of perovskite based
solar cells has rocketed from 3.81% to 25.2 % [22]. Their development was so quick that they

were named as a new type of solar cells - ‘perovskite solar cells’ (PSCs).

15

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

1.6.1 Structure of perovskite

Perovskite refers to a crystal structure originally found for CaTiO3. Compounds with
perovskite structure normally have a generic chemical formula of ABX3, in which an A cation
resides at the eight corners of the cubic cell and the B cation is located at the body center,
surrounded by six X anions (located at the face centers), forming a BX6 octahedron, as shown
in Fig. 11. Typically, the A cation can be Ca2+, Cs+, organo-ammonium ions such as
methylammonium (MA) and formamidinium (FA), etc., the B site cation, which is smaller than
the A cation, could be Ti 4+, Pb2+, Sn2+, etc., and the C anion could be halide ions or oxygen.
To form a stable cubic perovskite structure, the size of the ions should meet some certain
requirement [35-36].

Figure 11: Crystal Structure of perovskite ABXs (A= cation, B= cation, X= anion)

1.6.2 History of Perovskite solar cells

Studies of perovskite solar cells first appeared in 2009 and evolved from DSSC technology. In
DSSCs, the normal dyes only form a monolayer, thus the thickness of the mesoporous layer
has to be around 10 _m in order for sufficient light absorption [37]. To enhance the light-

absorbing ability, people were trying to develop alternative sensitizers. In 2009, Miyasaka and
16
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coworkers [38] reported the utilization of MAPDbI3 and MAPDbBr3 perovskites as sensitizers in
a DSSC with solution electrolyte. The perovskite materials absorbed light strongly and broadly
in the visible range, so that complete light absorption can be achieved in films even as thin as
500 nm [39]. An efficiency as high as 3.81% was achieved for the MAPDI3 based cell, and a
high photovoltage of 0.96V was obtained for the MAPbBr3 based device. N.G. Park and co-
workers [40] optimized the TiO2 thickness, perovskite precursor concentration and TiO2
surface in 2011 based on a similar device structure, and further improved the efficiency to 6.54%
with 3.6 nm-thick TiO2 films. However, the instability of perovskite in liquid electrolyte is
fatal for these electrolyte-based cells. 80% degradation occurred in about 10 min under
continuous illumination as the MAPDI3 perovskite was dissolved gradually by the redox
electrolyte.

A breakthrough in the efficiency and stability of perovskite solar cells came with the use of
solid-state hole transporting material (HTM) 2,2,7,7-tetrakis(N, N-p-dimethoxyphenylamino)-
9,90-spirobifluorene (spiro-OMeTAD) in 2012. Park, Gr atzel and coworkers [ 41] reported a
solid-state perovskite solar cell with MAPDI3 on a 0.6 _m m-TiO2 layer and spiro-MeOTAD
as HTM, which showed a power conversion efficiency (PCE) of 9.7%. The use of spiro-
OMEeTAD also greatly improved the device stability compared to liquid electrolyte-based cells.
Long-term stability for over 500 h was achieved, with the devices being stored in air without
encapsulation. At a similar time, Snaith and coworkers [ 42] reported a mixed-halide MAPbI3-
XCIx perovskite solar cells with the same device structure, as shown in Fig. 1.6, delivering a
PCE of 8%. They also replaced the mesoporous n-type TiO2 with mesoporous Al203. Al203
is an insulator (band-gap 7-9 eV), and cannot transport electrons. Surprisingly the device still
worked and the electron transport in the Al203-based device was even much faster than in the
TiO2-based device, and the VOC was also increased by a few hundred millivolts with the
insulating AlI203 scaffold, leading to a PCE of 10.9%. Even a planar junction device FTO/c-
TiO2/MAPDI2Cl/spiro- OMeTAD/Ag without a mesoporous layer also exhibited an efficiency
of 1.8%. These results mean that the perovskite layer can not only absorb light but also transport
electrons out of the device. Since then, an explosion of research activities was triggered, and a

variety of device configurations, deposition methods and material sets have been employed.
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Figure 12: SEM cross-sectional image of a mesoscopic structured perovskite solar cell.

Gratzel and coworkers [43] investigated a mesoscopic MAPbI3/TiO2 heterojunction solar cell
without an HTM layer, which still showed remarkable photovoltaic performance. An PCE of
5.5% was obtained with a short-circuit current density (JSC) of 16.1 mAcm, a Voc of 0.63V,
and a fill factor (FF) of 0.57. It shows that MAPDI3 can also work as the HTM in a
heterojunction solar cell. Snaith [44] configured a planar FTO/c-TiO2/MAPDbI3-xClx/spiro-
OMeTAD/Ag device without a mesoporous layer utilizing a highly uniform MAPDbI3-xCIx
layer synthesized via a dual-source vapour deposition route. The perovskite films showed
extreme uniformity without pinholes, and thus avoided direct contacts between the spiro-
OMeTAD and c-

TiO2 layers which could form shunting paths lowering the cell performance. An efficiency of
over 15% was achieved, with an VOC of 1.07V. Generally, mixed halide perovskite MAPbI3-
XCIx showed better performance than pure iodide perovskite MAPDI3 [45-47], though no
significant content of chloride in the lattice had been detected experimentally. The introduction
of chloride is believed to improve the uniformity of perovskite films, as well as increase the

carrier lifetime and diffusing length. Gratzel’s group reported a mixed-cation perovskite [48]
18
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based on mixed organic cations of MA and FA. It was found that the band-gap of perovskite
(MA)X(FA)1-xPbI3 can be tuned by changing the FA content in the composition. The increase
of FA content resulted in a red shift of absorption onset which means a smaller optical band-
gap, while the light absorbing ability was decreased. Optimal absorption was obtained from
MAQO.6FA0.4Pbl13, with a best efficiency of 14.9%. Saliba and coworkers further added a small
amount of Cs into the binary mixed cations [49], forming a triple cation configuration Csx
(MAO0.17FAQ0.83) (100-x) Pb(10.83Br0.17)3. The triple cation cells delivered stabilized PCEs
up to 21.1%, and an PCE of 18% was still retained even after continuous aging for 250 hours
under operational conditions. The triple cation configuration is now still giving the highest
efficiency in perovskite family. F. Hao and M. G. Kanatzidis et al. [50] substituted lead with
tin, and found that the band-gap of MASNn1-xPbxI3 can also be tuned by changing the content
of Sn. For MASN0.5Pb0.513, the smallest band-gap of 1.17 eV was obtained, smaller than both
MAPDI3 (1.55 eV) and MASNI3 (1.3 eV), showing an PCE of 7.27%.

1.6.3 Deposition methods of perovskite films

As the key absorber material for perovskite solar cells, the quality of the perovskite layer is
vital for the device performance. The deposition of the perovskite films is mainly based on the
reaction of the organic ammonium MAX and the inorganic lead halide PbX2 components,
where X=1, Cl, Br.

PbXz + MAX — MAPbX3 (1)

Up to now, various deposition processes have been investigated for the fabrication of
organometal halide perovskite films, which are mainly classified as one-step methods and two-
step methods through solution processes, vapour processes, or a combination thereof.

1.6.3.1 One-step methods

One-step methods are based on the co-deposition of both the organic and inorganic precursors
through a solution process or a vapour process. Initially, most MAPbI3 or MAPDbI3-xClx
perovskite films were deposited by spin-coating a mixed solution of PbX2 (X=I, Cl) and MAI
in organic solvents (DMF, DMSO, GBL), followed by thermal annealing. For MAPbIS3,
stoichiometric MAI and Pbl2 (1:1) are dissolved in organic solvent for spin-coating deposition
[31,51]. While for MAPDbI3-xClIx, a molar ratio of MAI: PbCI2 of 3:1 is normally used [32,52].
In order to obtain perovskite films with higher surface coverage and better uniformity, much
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work has been done to control the crystallization of perovskite. Snaith’s group [53] investigated
the morphology of MAPDI3-xClIx annealed at different temperature, and found that surface

coverage dropped as the annealing temperature increased. Coverage of ~93% was obtained

for the planar
MAPDI3-xClIx film annealed at 90 °C, delivering an improved efficiency of 11.4%. Po-Wei
Liang, Alex K.-Y. Jen et al. [54] added 1,8-diiodooctane (DIO) to the perovskite precursor as

an additive, and found that the perovskite films prepared with 1 wt% DIO additive were much

smoother and better covered than the pristine films, leading to a PCE ~12% in a planar

perovskite solar cell. Jeon and Seok et al. developed a solvent engineering technique to improve
the film quality [55], by toluene dripping while spin-coating of the perovskite precursor in the
mixture of GBL and DMSO. This toluene dripping treatment enabled extremely uniform and
dense perovskite layers and achieved a certified 16.2% PCE. Apart from solution processed
one-step methods, a vapour based one-step method was also developed for the fabrication of
high-quality perovskite films. Snaith and coworkers [34] successfully synthesized a uniform
film of MAPDI3-xClIx perovskite with a dual source vapour deposition method. MAI and PbCI2
were evaporated simultaneously under vacuum with a molar ratio of 4:1, and deposited on FTO
substrates with compact TiO2. Fully crystallized perovskite layers were obtained after
annealing. With this vapour-deposition method, efficient perovskite devices with an efficiency
of 15.4% were yielded, with a JSC of 21.5mAcm, a Voc of 1.07V and FF of 0.68.

Spin-coating Fast crystallization Annealing

(il TU-O
(i) TU-0.5
(iii) TU-1.0

Figure 13: Schematic diagram of one-step method for perovskite film preparation
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1.6.3.2 Two-step methods

Two-step methods, or sequential methods, are based on the formation of PbX2 films, normally
by spin-coating, and their subsequent transformation into perovskite films. The transformation
process can be done in different ways, as shown in Fig. 1.7: 1) dipping the PbX2 films into
MAX solution [46,47]; 2) spin-coating MAX solution on top of the PbX2 films [56,99]; 3)
evaporating MAX powder at elevated temperature and exposing the PbX2 films into the vapour
[50].

MAI vapor

y — M

Figure 14: Schematic diagram of two-step method for perovskite film preparation

" 4

Two-step deposition methods allow for independent control in the deposition conditions of
each precursor and hence their reaction thereafter, which eventually enables a better control
over the perovskite film formation process. Julian Burschka and Michael Gr atzel et al. [56]
spin-coated Pbl2 film on a 350-nm-thick mesoporous TiO2 layer, and subsequently dipped it
in a solution of 10 mg mlJ1 MAI in IPA. The conversion of yellow Pbl2 into dark brown
perovskite occurred within seconds, and resulted in a PCE of approximately

15% with excellent reproducibility. In contrast, it takes much longer for complete conversion
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in planar devices, as it is harder for MAI to diffuse into a planar Pbl2 film. A dipping duration
of approximately 20 min has been reported [60-61], or a higher reaction temperature (70 °C)
is needed [62]. Qi Chen and Huanping Zhou et al. developed a vapor-assisted solution process
(VASP) [60] for the fabrication of perovskite film, in which Pbl2 was first spin-coated from
solution and subsequently annealed in MAI vapor to form MAPDI3 films with microscale grain
size, highly smooth surface and full coverage. The obtained optimum planar device showed a
PCE of 12.1%. Chang-Wen Chen and Hao-Wu Lin et al. [63] prepared MAPbI3-xCIx films
through a layer-by-layer sequential vacuum deposition process. Extremely smooth PbCI2 films
were thermally sublimed onto PEDOT:PSS-coated indium tin oxide (ITO) glass, followed by
the sublimation of MAI, which resulted in ultra-smooth MAPbI3-xCIx films with full surface
coverage. The champion cell performed a high PCE of 15.4%, with a JSC of 20.9mAcm™, an
Voc of 1.02 V and a high FF of 0.72.

1.6.4 The bright future of perovskite solar cells

The band-gap for MAPDI3 perovskite is ~1.5 eV, corresponding to an absorption onset of 800

nm, which makes it a good absorber over the whole wavelength range of visible light. The high
absorption co-efficient of 1:5 104 cm™ at 550 nm and 0:5 104 cm™ at 700 nm allows sufficient

absorption even with a small film thickness [29]. And the high carrier mobilities (11.6 cm2 V-

L5t for MAPDI3-xClIx and ~8 cm?V-1s? for MAPDI3 [64]) along with the long carrier lifetime

(hundreds of nanoseconds) result in a long carrier

diffusion length (ranging between 100 nm and 1,000 nm [65]). These together greatly decrease
the possibility of recombination within the bulk.

Typically, perovskite solar cells employ a n-i-p or p-i-n junction structure in which a perovskite
layer (intrinsic semiconductor layer) is sandwiched between an n-type electron transporting
layer (ETL, normally TiO2 or PCBM) and a p-type hole-transporting layer (HTL, normally
spiro-OMeTAD, NiOx or PEDOT:PSS). The energy level alignment as shown in Fig. 15 is
favorable for charge separation [32]. After excitation, the photoelectrons can be fast injected
into the conduction band of TiO2, while the holes are transported into the HOMO of spiro-

OMEeTAD. In this way the charge carriers are separated and recombination can be alleviated.
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Figure 15: Energy level diagram of a typical n-i-p structured perovskite solar cell

The preparation methods of perovskite, both one-step and two-step, are simple, low energy-
consuming and capable of producing high quality perovskite films. Roll-to-roll processes such
as spray-coating and blade-coating also make the production of perovskite devices easy to scale
up. These factors, along with the abundance of raw materials, mean perovskite solar cells have
a short energy payback time (EPBT, defined as the ratio of the total primary energy
consumption to the annual electricity generation), which is estimated to be 0.3 years, much

shorter than silicon-based devices, as shown in Fig. 16 [66].
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Figure 16: Comparison in the energy payback time of typical PV modules
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The rapid development of perovskite solar cells has sparked the hope of their practical
application. Dar and Gr atzel used cheap inorganic CuSCN as HTMs for perovskite solar cells
[67], which achieved stabilized PCEs exceeding 20%. By incorporating a reduced graphene
oxide interlayer between the CuSCN and gold layers, over 95% of the initial efficiency of the
cells was successfully retained after 1000 hours aging at the maximum power point at 60 °C.
Nazeeruddin’s group [68] developed a 2D/3D (HOOC(CH2)4NH3)2Pbl14/MAPDI3 perovskite

junction, and fabricated 10 x 10 cm? solar modules through a fully printable route. The large

area modules delivered stable 11.2% efficiency with no efficiency decrease

for over 10000 h. Furthermore, there have been numerous industrial companies worldwide,
such as Solar-Tectic, Oxford PV, Frontier Energy Solution and Micro quanta Semiconductor,
dedicated to the commercialization of the perovskite technology. Hopefully, perovskite solar
cells will find their real applications in the near future.

1.6.5 Issues to be addressed

Though organometallic halide perovskite based solar cells have shown many extraordinary
properties and promising efficiency, there are still some issues to be addressed before their
large-scale application.

1.6.5.1 Hysteresis

Hysteresis is a phenomenon commonly observed during the performance tests of perovskite
solar cells. When scanned from different directions during current-voltage behavior tests,
different J-V curves can be obtained, as illustrated in Fig.17 [69-70]. The current-voltage curve
taken with decreasing voltage (reverse scan) tends to exhibit higher currents at each voltage
than the curve taken with increasing voltage (forward scan). As a result, the performance of
perovskite devices can be overestimated. Several ideas have been proposed as the cause of this
phenomenon, including trap states [70], ferroelectricity [ 71,22] and ion migration [73-76].
The idea that it is caused by ion migration is being accepted by more and more researchers, but

more work is still needed for better understanding and the avoidance of hysteresis.
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Hysteresis has been found to be much more severe in planar devices than in mesoporous
devices, and strongly dependent on the scan speed, light-soaking and pre-biasing conditions
[ 77,80], temperature [81], perovskite crystal size [82-85] and contacts used [86-88]. For the
accurate measurement of perovskite solar cells, it is generally required to include the data of
both forward and reverse J-V curves at various scan rates as well as the steady state
photocurrent at voltages near the maximum power point (Pmax) when efficiencies are reported
[89].

1.6.5.2 Stability

Stability is probably the biggest challenge preventing practical applications of perovskite solar

cells. For the decomposition reaction

MAPbIs = Pbl; + MAI )

the change in the Gibbs free energy at 300K is A G° 300K = 0:16 eV per formula unit [90],
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indicating the perovskite structure is chemically stable under standard conditions, but the small
magnitude suggests the stability is very fragile and can be shifted easily, especially with the

existence of water. Since MALI is highly water soluble, the saturation concentration to suppress

the decomposition of MAPDI3 is estimated to be as high as ~8 g=L [88], which means a small

amount of water can result in serious decomposition of the perovskite phase. Besides, further
decomposition can occur through reaction 1.4 which can be further accelerated by oxygen or
UV light due to the consumption of the HI [84] through the reactions illustrated in Equation
1.5 and Equation 1.6, respectively. It was found that MAPbI3 would be degraded completely
into Pbl2 after 18 h exposure in air with a humidity of 60% at 35°C [84]. As a result, optimized
device architecture and proper encapsulation are required for the long-term stability of

perovskite solar cells.

MAI (ag) = CH3NH:z (aq) + HI (aq) (3)
4HI (ag) + 02 (g) = 2l2 (s) + 2H20 (1) (4)
2HI (aq) = H2 () + 12 () ®)

1.6.5.3 Toxicity

Lead compounds are very hazardous for the environment, and the impact of lead-based
perovskite devices on the environment is a big concern for their large-scale application. Several
researchers have tried to replace Pb with other less toxic elements such as Sn [85,86]. Though

MASNI3 also showed good semi-conductive properties with a bandgap of ~1.3 eV, Sn2+ is

easily oxidized into Sn4+ which can cause p-type doping to the material [85]. Partial
replacement of Pb with Sn has also been investigated to reduce the use of lead [77-79], but the
highest PCE so far reported for Sn-Pb alloy-based perovskite solar cell is only 15.2% for
MASNO0.25Pb0.7513 [88], and stability is still a problem. So, until now, the most efficient
perovskite solar cells still have to be based on lead, but with proper encapsulation and the
development of lead recycling processes which is also extremely important for lead acid

batteries, the harm of lead content to the environment could be minimized.
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Chapter 2 - Experimental Section

Synthesis of Materials
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2.1 Synthesis of Methylammonium lodide

Methylammonium iodide was prepared specially in our own lab by reacting a hydroiodic acid
(30 mL, 0.227 mol, 57 wt.% in water, Aldrich) and methylamine (27.8 mL, 0.273 mol, 40% in
methanol, TCI) were stirred in the ice bath for 2 h. After stirring at 0°C for 2 h, the resulting
solution was evaporated at 50°C for 1 h and produced synthesized chemicals (CH3NH3I). The
obtained material powder was washed multiple times with diethyl ether and hot dried under
vacuum and have been used without any further purification.

2.2 Synthesis of Methylammonium Chloride

Methylammonium chloride was prepared specially in our own lab by reacting a hydrochloric
acid (30 mL, 0.227 mol, 37 wt.% in water, Aldrich) and methylamine (27.8 mL, 0.273 mol,
40% in methanol, TCI) were stirred in the ice bath for 2 h. After stirring at 0 °C for 2 h, the
resulting solution was evaporated at 50 °C for 1 h and produced synthesized chemicals
(CH3NHa3I). The obtained material powder was washed three times with diethyl ether and dried
under vacuum and used without further purification.

2.3 Synthesis of compact Titanium Oxide (c-TiO2)

The synthesis of compact titanium oxide precursor solution was done by reacting titanium
source (a titanium(1V) diisopropoxide bis(acetylacetonate), Aldrich 97%) of 0.152 uL in 1.874
mL of 1-Butanol. Stir the precursor solution for about 30 minutes in a sonicator for complete
reaction. The resulting solution has a yellow color.

2.4 Synthesis of mesoporous Titanium Oxide (mp-TiO2)

The synthesis of mesoporous titanium oxide precursor solution was done by reacting 1.6g of
titanium paste of 40 nm size in 10 mL of anhydrous ethanol (99%, Aldrich) and stir the solution
for about 12 hrs. at room temperature for complete reaction of the solution. The resulting
solution has a whitish color.

2.5 Synthesis of Zinc Oxide Sol-Gel Solution (ZnOs-Q)

The synthesis of zinc oxide sol-gel precursor solution was done by reacting 1.6 g zinc acetate
dihydrate, 0.5 g of ethanol amine and dissolved in 10 mL of 2-methoxy ethanol and stir the

solution for about 12 hrs. at room temperature to establish the complete reaction.
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2.6 Perovskite solar cells device fabrication

The standard procedure was adopted to fabricate planar heterojunction PSCs and it follows the

chronological order as seen bellow.
1. Cleaning of FTO substrate
2. Spin-casting of Compact-TiO2 (c-TiOy)
3. Spin-casting of mesoporous -TiO2 (mp-TiO2)
4. Spin-casting of ZnO Sol-Gel. (ZnO s-g)
5. Dip-coating processed Pb(NO3): layer.
6. Dip-Coating processed perovskite layer.
7. Spin-casting of spiro-OMeTAD
8. Thermal evaporation of thin layer of MoOs
9. Thermal evaporation Metallic electrode (Ag, Au)

The glass substrates with attached fluorine doped tin oxide (FTO) were purchased from the
company Thin film devices Inc. and were received in squares of 15x15 mm2. The FTO covers

75 % of the glass substrates surface and are 300 nm thick with a sheet resistance of 7 {)/sq.
2.7 Cleaning of FTO substrates

The FTO/glass substrates need to be cleaned before the different layer dispositions can
commerce, because even a small dust particle on the surface will affect the final cells
performance. This was done in five steps. First to fourth step were done by cleaning in
ultrasonic bath for about 30 min for every step. The ultrasonic bath uses high frequency sound
waves that induce cavitation bubbles that remove contaminations on the substrates. Between
every step the substrates were placed in a new beaker to minimize the mixing of solvents. The
first cleaning step was done with Extran MAOQ1 detergent mixed with deionized water ina 1:10
volume ratio. The second cleaning step was done with deionized water, third step was with

ethanol and fourth with acetone (Alfa Aesar Chemicals). Fifth and last step was to dry the
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substrates in oven of 120 C for minimum 2 h. To minimize left over solution on substrates
after step four, all substrates were pick up one by one from the beaker and blow dry before

placed to dry in oven.

Figure 1: Schematic figure of the cleaned glass/FTO substrate

Figure 18 above shows the layers that been cleaned by all above steps and how much

approximately the FTO covers the glass surface.
2.8 Preparation of compact TiO2 (c-TiOz2) layer by spin-casting

The solution used for the c-Tio2 layer was synthesized by reacting titanium source (Titanium
diisopropoxide, Aldrich 97%) of 0.152 uL in 1.874 mL of 1-Butanol. Stir the precursor solution
for about 30 minutes in a sonicator for complete reaction. The resulting solution has a yellow

color.

The cleaned FTO/glass substrate were UV-ozone treated for about 15 minutes and then placed
on the spin-coater after masking to keep some of the FTO free from TiO>, not to block the
transparent electrode. The specific programme was set in spin-coater machine in three different
batches to deposit the c-TiO2 layer smoothly. After depositing c-TiO2 layer on to the FTO
substrate, the substrates were transferred into the muffle furnace for annealing at 500°C for 1
hr.
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Figure 2: Schematic structure when the c-TiO2 layer was deposited on to the FTO substrate

and masking of substrate
2.9 Preparation of mesoporous TiO2 (mp-TiOz) layer by spin-casting

The solution used for the mp-TiO2 layer was synthesized by reacting 1.6g of titanium paste of
40 nm size in 10 mL of anhydrous ethanol (99%, Aldrich) and stir the solution for about 12 hrs.
at room temperature for complete reaction of the solution. The resulting solution has a whitish

color.

After depositing c-TiO: layer, the layer was dried at room temperature for 10 mints and the
annealed at 100°C for 10 mints. After cooling down the substrates were transferred on the spin-
coater to deposit mp-TiO2 layer. The specific programme was set in spin-coater machine in
three different batches to deposit the mp-TiO2 layer smoothly. After depositing mp-TiO: layer
on to the FTO substrate, the substrates were transferred into the muffle furnace for annealing
at 500°C for 1 hr.

Figure 3: Schematic structure of the deposited mp-TiO: layer over c-TiO> layer
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3.0 Preparation of ZnO sol-gel layer by spin-casting

The ZnO sol-gel was synthesized by reacting zinc acetate dihydrate (1.6 g, Sigma Aldrich,
99.9%), ethanolamine (0.5g, Sigma Aldrich, 99.5%) and 2-methoxyethanol (10mL, Sigma
Aldrich, 99.8%) for 12 hrs at room temperature. Over the c-TiO, or mp-TiO> layer, the ZnO
layer was spin-cooted with ZnO sol—gel solutions at 5000 rpm for 30 s. After the ZnO sol-gel
were spin-coated, a cotton-swab rinsed in acetone was used to remove the ZnO from the same

area that was masked during-TiO2 deposition and annealed the film at 300°C for 1 hr.

Figure 4: Schematic structure when the ZnOs-g layer was deposited on to the c-TiO2/mp-TiO>

layer
3.1 Preparation of Pb(NOs3)2 layer by dip-coating method

To avoid the conventional spin-casting process of Pblz, we employed novel Pb(NO3)2 layer by
a simple dip-coating approach to avoid the use of detrimental organic solvents (DMSO and
DMF) which is required to dissolve the Pbl, and to produce large area films for industrialization
which is not possible with spin-casting approaches. In a typical process, a ¢/mpTiO2 covered
ZnO substrate were first dipped into an aqueous 0.1M of Pb(NOz)2 (Sigma-Aldrich, 99.9%)
precursor solution prepared in ethanol (EtOH)/water (2 : 1, v/v) for 30 sec. The substrate was
washed using deionized water and ethanol and then annealed at 120 C for 10 min, resulting in
a highly transparent film over the substrate. The Pb(NO3)2 layer is likely to adsorb over zinc

oxide surface.
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Figure 5: Schematic structure of the adsorbed Pb(NOs)2 layer over ZnO coated substrate
3.2 Preparation of Perovskite layer by dip-coating method

To fabricate MAPDbIz and MAPDbI;—Clx perovskite films from an aqueous Pb(NOs)2, we
employed a sequential deposition coating (SDC) approach followed by various successive
solid-state ion-exchange and reaction SSIER repetitions. The methylammonium iodide (MAI)
and methylammonium chloride (MACI) solution was prepared in isopropanol (IPA). The
perovskite solution was prepared by adding the 0.1 M MAI into 10mL IPA to prepare MAPbI3
perovskite films, while, to prepare MAPDbI;—«Clx mixed halide perovskite films, we added
different amount of 0.045M, 0.075M and 0.090M MACI in 0.1M of MAI solution, respectively.
The substrate was dipped into MAI or MAI/MACI mixed halides dissolved in isopropanol (IPA)
for 30 sec. and then washed with chloroform and diethyl ether and annealed at 100°C and at
120°C for 10/60 mints. The above procedure formed one SSIER cycle. These films were
subjected to SSIER repetitions to complete the reaction between Pb(NOs). and MAI or
MAI/MACI to fabricate most stable and an efficient perovskite film morphology.

Figure 6: Schematic structure of the prepared MAPbI3/ MAPbls—xCIx perovskite layers by a
simple dip-coating technique
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3.3 Spin-coating of spiro-OMeTAD layer

The spiro-OMeTAD was employed as hole transport material (HTM) via spin-coating at 3000
rpm for 30 sec. The HTM solution was prepared by dissolving 29 mg of spiro-OMeTAD, 7 mL
of 170 mg mL- Li-TFSI in acetonitrile, and 11 mL of t-BPy to boost the performance of the
devices. The perovskite and spiro-OMeTAD were scratched away using a scalpel and wiped
with cotton-swabbed rinsed with 2-methoxy ethanol. 2-methoxy ethanol was used because it
removes the perovskite and spiro-OMeTAD without reacting to the FTO substrate. This was
done on the same area of the substrates that been free of compact and mesoporous TiO> with
the reason to expose the FTO for the cathode contact.

Pbing
Zno WJ) 2

Glagg

Figure 7: Schematic structure of the deposited spiro-OMeTAD layer over MAPDIs/
MAPbIs-«Clyx perovskite layers

3.4 Thermal evaporation of MoOgs and silver (Ag) Electrode

The samples were placed in a masked holder for the substrates to only get evaporated metal on
wanted surface area and then placed in the evaporator. The evaporation started by lowering the
pressure in the evaporator and when the pressure reached vacuum of < 3.5x10® mbar. Finally,
device fabrication was completed by thermal evaporation of 10 nm thin MoO3 layer and 100

nm thick Ag electrode on top of the HTM film under reduced pressure (less than 107 Torr).
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Figure 8: Schematic structure of the completely sequentially dip-coated processed perovskite

layers fabricated perovskite solar cells device architecture
3.5 Measurements and Instruments

The absorption spectra were recorded on a PerkinElmer Lambda 2S ultraviolet (UV)-visible
spectrometer. The surface morphologies were imaged using a field emission scanning electron
microscope (FESEM, Nova Nano-SEM 450, FEI, Netherlands). Elemental analysis and
presence of newly formed chemical bonds with Pb, I, and CI in perovskite compounds were
performed using X-ray photoelectron spectroscopy (XPS, AXIS-NOVA, KratosInc, USA). The
perovskite crystallinities of the MAPDIz layers were investigated using X-ray diffraction (XRD,
D/Max2500 V/PC, Rigaku Corp, Japan). The solar cell efficiencies were characterized under
simulated 100 mW c¢cm™t AM 1.5G irradiation from a Xe arc lamp with an AM 1.5 global filter.
The simulator irradiance was characterized using a calibrated spectrometer; the illumination
intensity was set using a silicon diode with an integrated KG1 optical filter certified by the
National Renewable Energy Laboratory. The spectral mismatch factors were calculated to be
less than 5% for each device. The short circuit currents were also found to be within 5% of the
values calculated using the integrated external quantum efficiency (EQE) spectra and solar
spectrum. The applied potential and cell currents were measured using a Keithley 2400 model
digital source meter. The J-V curves were measured at a voltage settling time of 100 ms. The
EQEs were measured by under-filling the device area using a reflective microscope objective
to focus the light output from a 75 W Xe lamp, monochromator, and optical chopper; the
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photocurrent was measured using a lock-in amplifier; and the absolute photon flux was
determined using a calibrated silicon photodiode and was recorded for 5 s per point (80 points)
from 360 to 900 nm. In the J-V curves hysteresis tests, a forward scan indicates the
measurement of the sweeping voltage from short circuit to forward bias, whereas a backward
scan indicates a sweep in the opposite direction. To explore the active area of the device and
avoid the scatter effects of the edges, a non-reflective metal plate mask with an aperture of 4.5

mm? was used for the solar cells.
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Chapter 3

Dip-Coating Processed Perovskite Layers from an Aqueous Lead

Precursor for High Efficiency Perovskite Solar Cells
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1. Introduction

Currently, organic-inorganic lead halide perovskite solar cells (PrSCs) have established
significant attention because of their excellent breakthrough power conversion efficiencies
(PCEs) of ~21%, making them potential surrogates for conventional silicon-based solar cells
[1-10]. Most of the organo-metallic halides, particularly alkylammonium lead halides, (RNH3)
PbX3 (R = alkyl, X = ClI, Br, 1), bears a direct-band-gap material which is specifically used as
hybrid organic-inorganic perovskite cores with excellent electron and hole conduction and
photo-sensitizer performance [11,12]. The surface topology, uniform crystallinity, and
smoothness of perovskite materials on substrate are crucial factors for improving the PCEs of
PrSCs devices. Hereafter, a noteworthy consideration has been dedicated to develop an
effective fabrication approaches to prepare perovskite layers. A variety of approaches have
been employed to enhance the PCEs with lead sources of PbX2, Pb(OAC)2, or Pb(NO3)2 [13,14].
Therefore, the projected methods include: (1) the film deposition by spin-coating of a lead
source followed by reaction with methylammonium iodide (CH3NHzsl, MAI), by vertically
dipping the substrates into this solution, spin-coating, or vacuum deposition [2—-15]; and (2) by
the direct spin-coating of a perovskite materials in combination with, adduct, heat treatment,
interfacial engineering, solvent-engineering, or by adding additives [16—25]. These approaches
have already ensured improved PCEs; however, there are size limitations because the
fabricated PrSCs normally have small active areas. Therefore, it is interesting, yet important
for marketable applications, to develop cost-effective engineering processes that simplify large
area production of perovskite morphologies, via effective routes such as dip-coating, doctor-
blade methods, and inkjet or roll-to-roll printing [1-26].

It is important to know that most of the investigations have been done with toxic high-polarity
aprotic organic solvents, such as dimethylformamide (DMF, DMSO), because of quite poor
solubility of lead precursors in other green solvents. Therefore, non-halide lead precursors,
such as Pb(OAc). and Pb(NOs)2, have recently got huge attention and are under intense
research due to their specific compatibility with non-toxic green solvents such as water. Heish
et al. described a MAPDIs perovskite film morphology prepared with sequential deposition
method [27]. For this, an aqueous Pb(NOz3). precursor solution was spin-coated onto UV/ozone

mesoscopic TiO2 (m-TiOz)/compact TiO2 (c-TiO2) layers, followed by another two-step
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reaction in the MAI to prepare perovskite films. In the first, a layer of Pbl, was established
through ion-exchange reaction in between Pb(NOs). and MAI, while, the second step is the
formation of perovskite layer (from Pbl, and MAI). Though, they successfully applied
Pb(NO3)2 layer by spin-casting approach over m- TiO film, but the surface morphology and
the surface coverage of Pbl, was significantly poor. This surface distortion is because of various
ionic radii of the used materials i.e. the reaction between I~ and NOs™. Therefore, in next step,
there were a very poor surface crystallinity and coverages of MAPbDI3 perovskite films have
been observed as compared with those prepared with spin-coating of Pbl,. In order to tackle
these problems, we have planned a novel, facile and an efficient strategy to prepare perovskite
film morphologies. The synthesis of perovskite layers with halide free lead precursor solution
without using spin-casting method is our proposed strategy for an environmentally friendly,

cost-effective large surface area device preparation.

In recent days, an attractive strategy has been employed with the implementation of ionic layer
adsorption over ZnO film by the reaction of aqueous Pb(NOs)2, dissolved in water/EtOH green
solvents to form PbS based quantum dot layers [28,29]. Therefore, we are interested to
synthesize such a unique perovskite surface morphology of MAPbI3z perovskite film by this
ionic adsorption from an aqueous Pb(NOz)> over a m-TiO2 underneath ZnO interfacial film,
and then immersed in MAI solution. We hope that this proposed successive sequential
deposition (SSD) approach applied through facile dip-coating method may improve the
possibilities of the production of large area perovskite layers from halide-free lead precursor in

an aqueous green solvent.

In this study, we demonstrate a facile, low cost, and environmentally friendly method to
synthesize efficient perovskite films by simple dip-coating deposition. This was confirmed by
successive dipping of a ZnO-covered underneath m-TiO- film in an aqueous halide-free lead
precursor solution and then immersed in MAI solution. This method differs with previously

employed spin-coating approach that needs detrimental organic solvents.
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Figure 1: Basic scheme to prepare MAPbIs perovskite layers by successive dipping of ZnO
covered m-TiO2/c-TiO2/FTO substrates in aqueous halide-free Pb(NO3). precursor solution,
followed by dipping in MAI solution. The as-prepared electrodes pictures are also added after
sequential SSIER repetitions, and annealing for 10 mints at room temperature.

Here, we realize that the ZnO interfacial layer rapidly shows substantial adsorption of Pb(NO3)..
The MAPDI3 perovskite layers was also prepared via Pb(NOz)2 and Pbl, endures further ion-
exchange reactions with the amount of lead nitrate which didn’t take part in any reaction,
leading towards decomposition to Pbl,. Particularly, the successive solid-state ion-exchange
and reaction (SSIER) by employing Pb(NOs). layer, helped to improve crystallinity, surface
topology, coverage and stability of MAPDI3 layers in-contrast with relatively long-time dipping
in MAI solution. Furthermore, the perovskite layers prepared with the collective SSD and
SSIER approaches presented superior crystallinity, surface morphology, and coverage related
to any approach alone. The PrSCs prepared with sequential deposition of a MAPbI3 perovskite
films using an aqueous halide-free Pb(NOz3). precursor solution showed PCEs of 12.41%,
comparable to those fabricated with conventional spin-coating of halide or non-halide lead
precursors. Figure 1 shows a basic scheme for the preparation of the MAPDbIs perovskite films

in aqueous halide-free Pb(NO3). and MAI solutions.

2. Results and Discussion
2.1 Perovskite film formation

To prepare perovskites films, we initially prepared Pb layer, via dipping the substrate into a
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Pb(NO3)2 precursor solution. The SEM images after the adsorption of Pb(NO3),, with and with-
out a ZnO layer, are shown in figure 2 (a,c), while, in Fig. 2 (b,d) the as-prepared MAPbI3
perovskite films prepared when the ZnO-free and ZnO-coated substrates were immersed into
MAI solution. We selected Pb(NOs). as the halide-free lead source due to its recovering ionic
layer adsorption on ZnO surfaces with an aqueous (green solvent) solutions. A thin ZnO films-
underneath m-TiO> layers were employed because these can be readily synthesized by spin-
coating or spraying of the sol-gel solution after annealing at 300 °C. Remarkably, a substantial
layer adsorption of Pb(NOs)2 was experienced over ZnO-coated substrate after successive dip-
coating approach in an aqueous haide-free Pb(NOs)2 precursor solution, but insignificant layer
adsorption over m-TiO> films was seen with-out ZnO layer (Fig. 2(a) and (b)).

This extraordinary Pb(NOz3). layer adsorption seen on ZnO surface within a quite short time,
which can be further modified by altering the lead precursor solution, particularly the employed
co-solvent of H>O/ethanol. The uniform adsorption was realized over hydro-phobic ZnO
surface compared to those with water-only solvent [30,31]. The adsorption behavior can also
be altered by changing the dipping duration. For MAPDbIz perovskite layers prepared by
reaction with MAI, and a Pb(NOz). layer was initially synthesized by dipiing in a 0.1 M
Pb(NO3)2 precursor solution, dissolved in H2O/ethanol (1:1, v/v), for 30 s. Fig. 1c and d shows
the transparent deposited Pb(NOsz)2> films prepared on ZnO film. These films quickly
transformed to dark brown-colored layers when exposure to MAI solution, demonstrating a
MAPbIs perovskite film formation with improved surface morphology and poor surface
coverage comparable to those prepared by spin-coating of MAPbI3 precursor solution without
any further treatment. Nevertheless, the transparently prepared Pb(NOs)2 morphologies, which
showed minimal adsorption over pristine m-TiO: film, transformed to pale orange-colored

layers with MAPbI3 perovskite crystal lumps grownup sparsely over the substrate.
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Figure 2: SEM images (a,c) the ionic layer adsorption of Pb(NO3s)2 and (b,d) the as-prepared
MAPDI3 perovskite films prepared after the MAI exposure of the (a,b) ZnO-coated and (c,d)
ZnO free m-TiO2/c-TiO2/FTO substrates.

These investigations ensures that the sequential strategy based on ZnO adsorption from an
aqueous halide-free Pb(NO3)2 precursor, and the reaction in MAI precursor may facilitates
perovskite formation with a cost-effective, simple and unique dip-coating deposition approach.
Nevertheless, the MAPDIs perovskite layers prepared with this method quickly decomposed
while, solvent drying process at 80 °C, even less than 20% relative-humidity conditions, the
formed appearances into a yellowish colored film leading towards a Pbly crystalline

morphology.
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Figure 3: Decomposition behavior (a) while solvent drying of a MAPbI; film, prepared with
dipping deposition with an aqueous halide-free Pb(NOz)> and MAI precursors. The decrease
of absorbance (b) at 700 nm over 1 h after various MAI solution dipping times (30 (black), 60
(red), 300 (blue), and 600 s (green)).

2.2 Decomposition behavior of perovskite film

Figure 3 shows the decomposition behavior while solvent drying of MAPDI3 perovskite
morphologies synthesized with successive dipping deposition process. Fig. 3b shows the the
decrease of absorbance at 700 nm over 1 h for the MAPDI3 films prepared with numerous MAI
precursors after various dipping times (30, 60, 300, and 600 s). Fig. 3a, the film decomposition
phenomenon was realized within a quite short interval of time of 30 s and completed after 10
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min of constant annealing process at 80 °C. This film degradation was also somewhat seen
even in films prepared with a long exposure (600 s) to the MAI solution (Fig. 1).

30 sec incubation
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Figure 4: Schematic representation of the designed SSIER methodology for MAPbI3 formation
on pre-deposited Pb(NOs3) ionic layer.

Therefore, we realized the film degradation behavior rate of the formed morphologies with
different dip-coating times by subsequent decrease in absorbance at 700 nm. Though the
freshly synthesized MAPDI3 perovskite layers had a quite similar dark brown-color films upon
removal from the MAI precursor irrespective of the reaction intervals, the degradation rates
were strangely affected with the reaction intervals in MAI precursor solution (Fig. 3b). This
directs that the presence of un-reacted Pb(NOs)2 likely to brings the decomposition behavior
for MAPbIs perovskite layers, and the degree of non-reacted Pb(NOs). should affect the film
degradation rates. In view of these results, we venture that the MAPDbI; crystals lattice obtained
by Pb(NOs). and MAI precursors can took part in an additional ion-exchange reactions between
the non-reacted Pb(NOz3)2, even in the solid state, ensuring degradation to Pbl,. Consequently,
we established an effective approach, represented as SSIER. This technique avoids the
disintegration of MAPDI3 perovskite layers into Pbl, by extra ion-exchange reaction in the solid
state in between non-reacted Pb(NOs3). and the as-prepared MAPbDIs.

Figure 4 depicted the schematic illustration of the designed mechanism of SSIER for MAPDI3

44

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

perovskite film formation. Firstly, the Pbl, formed by the reaction of Pb(NOs). and MAI at the
solid-liquid junction is transformed quickly into MAPbI3, which suffers further reactions with
MAI. Though, the continuing diffusion of MAI into the crystalline layer is stuffy from the
bulky MAPDI3 perovskite crystals prepared on the film surface, hindering the reaction rate of
Pb(NO3)2 and MALI. Therefore, though the Pb(NOs). layer is uncovered to the MAI solution
for a long time, non-reacted Pb(NO3). expected to remains and can persuade the decay of the
MAPbDI3 perovskite structure. In the meantime, the Pb(NO3)2 presence inside the layer might
be vanished, as shown in Fig. 4. We tried to proficiently achieve highly stable MAPbI3 films
without non-reacted Pb(NO3)2 layers by applying the SSIER process by exposure to 30 s into
MAI precursor, and annealed at 80 °C. This signified a single SSIER cycle. With this, no
superficial degradation of the MAPDI3 film was seen even after the 3rd SSIER cycle after a
total MAI immersing time of 90 s. The MAPDI3 crystal structures obtained with and with-out
SSIER repetition were also specifically compared.

2.3 Characterization of perovskite film

The specific investigations regarding the SSIER process was successfully achieved as shown
in Fig. 5. The SEM surface topologies images are shown in fig. 5 (a-d) with their conforming
pictures (inset) and Fig. 5b shows XDR spectrum for MAPbI3 perovskite films prepared by
SSIER repetitions for a total MAI exposure time of 690 s. The co-relation between the
perovskite materials conversion and SSIER reiteration time is depicted in Fig. 5f. These
perovskite layers were annealed at 80 °C for 10 min to completely eliminate the solvent. We
employed a Pb(NOs3). ionic morphology deposited by dipping in an aqueous halide-free
Pb(NO3). solution for 30 s and annealed at 120 °C to dry the deposited film.

Fig. 5a, depicted that even yet these Pb(NOz3). layers were exposed for 690 s to MAI precursor
with various SSIER cycles, followed by one long dipping, the surface morphologies of the
formed MAPDIz layers was expressively affected by increasing the number of SSIER cycles.
The degradation of MAPbIs layers was moderately realized after the first repetition, and the
morphologies synthesized with no SSIER cycles. The MAPbI3 perovskite layers prepared after
2 SSIER repetitions presented improved stability (inset of Fig. 5a) compared to the 0 and 1
cycle perovskite layers. Furthermore, with more successive SSIER repetitions, the surface

morphology, coverage and crystallinity of the MAPbIs perovskite layers significantly
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improved, as shown by the SEM images and XRD patterns (Fig. 5a and b), respectively.
Similarly, on the basis of XRD patterns, the conversion rate of MAPblz (CMAPDI3) could be
qualitatively defined employing the specific peak intensities of Pbl, and MAPbI; at 20 = 12.7°
and 14.2°, respectively [7,31,32].

Cwmapbiz = l12.79/(l12.7° + l14.2°) )

As shown in Fig. 5¢, by increasing the number of SSIER cycles, a higher conversion ratio for
MAPDI3 perovskite films achieved by the transformation of Pbl,. These features are quite
closely associated to the Pbl, resulting from the ion-exchange reactions with the MAPbI3
materials and the non-reacted Pb(NO3)2 in the solid-state. It should be cleared that the SSIER

process can provide improved stability and also enhanced the surface coverage and crystallinity

of MAPbI; perovskite morphologies.
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Figure 5: (a—d) The SEM images with corresponding pictures (inset) and (¢) XDR patterns of
the MAPbDI3 perovskite films prepared by successive SSIER cycles for a total MAI contact time
of 690 s. (f) The relationship between the perovskite conversion and various SSIER cycles.

Even though the SSIER cycles presented a well-developed and an organized surface coverage,

46

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

morphology, crystallinity, and stability, rather sparse surface morphologies on the ZnO/m-
Ti02/c-TiO2/FTO glass substrates, as shown in Fig. 5a. Insufficient surface morphologies can
lead towards an interfacial recombination happened between metal oxides and hole
transporting materials (HTMs), resultant in the poor photo-voltaic performances of PrSC
devices. Therefore, a denser surface crystallinity with the MAPbDIs perovskite layers was tried
by presenting the SSD approach in addition to the SSIER process. Subsequently, the SSD
approach has been employed for the step-by-step progress of nano-scale quantum dot layers
[9], we anticipated that the MAPbI3 perovskite formation synthesized via SSD cycles could
efficiently enhance the sparse surface coverages. Herein, the Pb(NO3)2 films was synthesized
by dipping an halide-free aqueous solution for 30 s, and then drying the solvent at 120 °C. Then,
the prepared films were immersed into MAI precursor solution for a 30 s to initiate the MAPbI3
perovskite formation by annealing the substrates at 80 °C. The above-mentioned process
denoted as single SSD cycle.

Therefore, the surface images of the MAPDI3 perovskite films prepared with conventional SSD
approaches by (a—c) ionic-layer adsorption of Pb(NO3)> from an aqueous halide-free precursor
and (d-f) reaction in MAI precursor solution, shown in Fig. 6. The XRD patterns of the MAPbI3
perovskite films and the correlation pattern in between the perovskite materials conversion and
various SSD cycles are also shown in Fig. 6g.

Fig. 6a—c, shows when freshly prepared MAPbI; electrodes were immersed into an aqueous
Pb(NO3)2 solution, the water quickly dissolved and completely removed the MAI materials
from the MAPDI3 perovskite structure, leaving a pure Pbl, morphology. Therefore, due to this
process a new layer of Pb(NOz), was instantly adsorbed on the surface of the ZnO.
Stimulatingly, more obvious platelet morphologies of Pbl, were seen by increasing the
numbers of SSD repetitions. In addition, there is a little increase in adsorption layer thickness
was realized with the addition of Pb(NOs)2, even when relating the layers after several SSD
cycles to those with only the first adsorption film. This specifies that the extra Pb(NOz)2 is
mainly adsorbed over ZnO/m-TiO2/FTO substrate, due to hydro-phobicity of the Pbl, layers
appeared while diminishing MAI in an aqueous precursor solution.

The MAPDI3 perovskite layers were specifically synthesized via 3 SSIER repetitions followed
by a final one long time incubation for 600 s in MAI precursor solution after each repetition of
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Pb(NO:3). ionic-layer adsorption (Fig. S4). Fig. 6(d—f) shows the higher numbers of SSD cycles

results in improved surface morphology, crystallinity and coverage of the MAPDbI3 perovskite

layers formed on the FTO glass substrate. After the 3 successive SSD repetitions, there were

quite less pin-holes appearances found in the MAPbIs perovskite morphologies in-contrast with

those prepared with two or fewer repetitions. It is obvious that the MAPDI3 perovskite layers

formed by the successive SSD cycles can efficiently enhance the sparse surface coverages on

the ZnO/m-TiO2/c-TiO./FTO. With respect to XRD patterns, the conversio of MAPbI3

(CMAPDI3) is self-determining of the 1st to 3rd SSD cycles, but expressively decreased after

the 4th SSD cycle, as shown in Fig. 6h. These outcomes show that the crystallinity of the

MAPDI3 perovskite layers is greatly affected by the SSIER approach, not the SSD approach.

Moreover, SSIER process might not be an efficient for perovskite materials crystal growth

process after the 4th SSD cycle.

2.4 Photovoltaic performance

Figure 7a displays the current—voltage (J-V) curves for PrSCs based on MAPDbI3z perovskite

films prepared with chosen number of SSD cycles followed by SSIER repetitions along-with

one long final dipping for 600 s in MAI solution. Furthermore, the hysteresis phenomenon of
PrSCs prepared under fully optimized environments (3 SSD and 3 SSIER cycles, 600 s MAI

incubation) are shown in Fig. 7b. The PrSCs were prepared with an n-i-p device structure of
FTO/c-TiO2/m-TiO2/ZnO/MAPDIz/HTM/M0O3z/Ag. The specific conductivity of spiro-

MeOTAD and the effectiveness of the HTM was enhanced by adding different doping additives
such as 4-tert-butylpyridine (t-BPy) and lithium bis(trifluoromethanesulfonyl) imide (Li-TFSI).
The specific optimization of the fabricated perovskite device performance is shown in Figs S5—
9.

Fig. 7a shows the optimized PrSC devices showed the most competent PCE (maximum/average)
of 12.41/11.58% with a short-circuit current density (Jsc) of 21.53 mA/cm—2, an open-circuit
voltage (Voc) of 0.93 V, and a fill factor (FF) of 0.62. The PCEs of the devices based on

MAPDI3 perovskite layers fabricated with different numbers of SSD cycles were not as high.

One SSD cycle gave PCEs (maximum/average) of 8.73/7.01% with Jsc = 14.66 mA-cm—2,

Voc =0.98 V, and FF = 0.61; two cycles gave PCEs of 9.07/8.05% with Jsc = 15.00 mA -cm—2,

Voc = 0.96 V, and FF = 0.63; and four cycles gave PCEs of 10.16/8.05% with Jsc = 17.00
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mA-cm—2, Voc = 0.98 V, and FF = 0.61. These outcomes can be described with enhanced
surface morphologies, coverages and crystallinity of the perovskite layers prepared with
sequential deposition with 3 SSD and 3 SSIER repetitions, as shown in Fig. 4. Furthermore,
the optimized PrSCs presented much higher device performances as compared with those based
on non-halide solutions such as Pb(OAc). and Pb(CIOa)2 (Fig. S10).
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Figure 6: (a—f) The SEM images of the MAPbI3 morphologies prepared with conventional
SSD approach via (a—c) ionic layer adsorption of Pb(NO3). from an aqueous precursor solution
followed by (d—f) the exposure in MAL. (g) The XDR patterns of the MAPbI3 perovskite films
and (h) the correlation between the perovskite materials conversion and SSD repetition time.

Particularly, the typical n-i-p PrSCs films synthesized with the m-TiOz electrode frequently
shows hysteretic J-V phenomenon which mainly depends upon scan direction (reverse or
forward) because of various charge extraction or transference rates of holes and electrons

49

{“ICollection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

detached from excitons [10]. Fig. 7b depicted the hysteresis behavior of the J-V curves in both
scan directions for the fabricated champion PrSCs device. The hysteresis phenomenon of the
PrSCs are depicted in Fig. 7b and the related values are concise in Fig. S11 and Table S1. Most
of the fabricated perovskite devices displayed insignificant alterations in Jsc and Voc values in
both scan directions, but the FF values were knowingly condensed in the forward scan direction.
However, the average of the PCE values gained in both the scan directions was around 6%
lower than the PCE value in the reverse scan direction, ensuring good external quantum
efficiency (EQES) in the light absorption region (Fig. S12).

2.5 Large surface area perovskite films

Subsequently, we specifically prepared and characterize the cross-sectional surface
morphology of the most optimized PrSC device (under the best optimized condition). Figure
8a depicts the SEM surface morphology of a cross-sectional image of the PrSC device prepared
with 3 SSD and 3 SSIER repetitions with a one long final dipping for 600 s in MAI precursor
solution. For this, a ~100 nm thin section was characterized with the focused ion beam (FIB)
technique to realize the vertically aligned perovskite morphologies and various interfacial
hetero-junction’s layers between the MAPDIs perovskite material, ZnO, and m-TiO2/c-TiO>

electrodes.
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Figure 7: (a) Current-voltage (J-V) curves for PrSCs based on MAPbIs; perovskite films
synthesized with an optimized number of SSD cycles followed by 3 SSIER repetitions, with a
one long final dipping for 600 s in MAI precursor solution. (b) The hysteresis phenomenon of
the PrSCs prepared under the best optimized conditions (3 SSD and 3 SSIER processes, 600 s
MAI incubation).
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Figure 8: (a) The SEM cross-sectional image of the fabricated perovskite device using 3 SSDs
and 3 SSIER cycles with a one long final dipping of 600 s in the MAI precursor solution. (b)
Photograph of a specially prepared large area MAPbIs perovskite layers synthesized with
sequential SSD and SSIER deposition on large area glass substrate of 780 cm2 (30 cm (width)
x 26 cm (height)).

Fig. 8a shows the MAPDIs perovskite films was well prepared between the spiro-MeOTAD
HTM and ZnO/m-TiO./c-TiO2/FTO glass substrate without any interfacial dead spaces.
Nevertheless, the layer was non-uniform and quite thin with a thickness of approximately 250

nm, as compared with the high efficiency PrSCs reported earlier. Here, we synthesize a large
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area perovskite layer with a sequential dipping deposition process with a halide-free lead
precursor in an aqueous precursor solution to simplify a green and cost-effective manufacturing
approach. The photograph in Fig. 8b depicts the MAPDbIs perovskite layers prepared with a
sequential SSD and SSIER deposition process on large area glass substrates. To establish a
large area MAPDI3 perovskite layer, we synthesize a thin ZnO layer on a bare FTO substrate
of 780 cm2 (30 cm x 26 cm, width x height) by employing the dipping approach. After that,
the MAPDI3 perovskite layers were deposited with the sequential SSD and SSIER process.
Beside this that the large area production of MAPDI3 perovskite layers was not a so smooth
because of the uneven surface coverages of the ZnO under layer, we efficiently investigated a
large area perovskite layer formation by employing the sequential dipping deposition process
with a halide-free lead precursor solution in an aqueous solution (green solvents). This signifies
significant development towards environmentally friendly and cost-effective manufacturing
approach for large area PrSCs formation.

3. Conclusion

We have established an effective process to prepare large area MAPDI3z perovskite layers by
employing sequential dipping deposition process with ionic-layer adsorption of Pb(NOs3), in
aqueous halide-free solvent along-with the reaction of MAI. This denotes momentous
development toward an environmentally benevolent and cost-effective engineering approach
for the preparation of large area PrSCs. Particularly, the ZnO interfacial layer persuaded
substantial adsorption of Pb(NOz3)> from an aqueous solution within a very short interval of
time. For this, a modified SSIER process was established to avoid the disintegration of MAPbI3
perovskite materials designed from Pb(NOz)> and MAI, which was quickly captured the route
of ion-exchange reactions with non-reacted Pb(NOz3). even in the solid-state. The technique
established herein afforded improved stability, surface crystallinity, coverage, and morphology
of MAPbIs perovskite layers in-contrast with those fabricated without the SSIER approach.
Furthermore, the introduction of the SSD approach to the SSIER process led towards more
complete and adhere surface coverage with the MAPbIs perovskite layers affording enhanced
surface morphology, device stability, and crystallinity of the perovskite layers. The PrSCs
based on these sequential depositions of the MAPDI3 perovskite films by employing an aqueous

halide-free Pb(NO3). precursor solution presented outstanding PCEs of 12.41%, which is
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equivalent to films prepared from spin-coating approach of halide or non-halide lead solutions.
The outcomes of this study lay the foundation for the progress of environmentally friendly and

cost-effective manufacturing process of highly efficient and large area PrSCs devices.

54

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

Chapter 4

Dip-coating deposition of highly-efficient (CH3)3NPbI3_xClIx based
perovskite materials
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1. Introduction

Recently, the use of organic-inorganic lead halide perovskite materials has attracted
signi cant attention owing to the excellent power conversion efficiencies (PCEs) of
perovskite solar cells (PrSCs), which have been proposed as potential alternatives for
conventional silicon solar cells.1,2 Particularly, alkylammonium lead halides such as
(RNH3)PbX3 (R % alkyl, X % CI, Br, 1), when used as direct-band-gap materials, manifest
exceptional electron/hole conduction and photosensitizer performances by occupying the
hybrid organic—inorganic perovskite cores to provide promising high PCEs in PrSCs.3,4 These
perovskite materials have been developed extensively using a variety of deposition strategies
listed as follows: (1) the spin casting of the lead source PbX2 followed by reaction with an
alkylammonium halide such as an methylammonium iodide (CH3NH3I, MAI) by dipping in a
solution, spin casting, or vacuum deposition5,6 and (2) direct spin-casting of a perovskite
precursor solution with thermal annealing, interfacial engineering, solvent engineering, or
adducts.7,8 However, the spin casting deposition techniques of perovskite materials frequently
limit the substrate size, causing a reduction in the active area. Toxicity due to high-polar aprotic
organic solvents, e.g., dimethyl formamide and dimethyl sulfoxide, which are used due to the
poor solubility of lead halide precursors is also an important issue.

Very recently, we developed a simple sequential dip-coating (SDC) deposition approach
applicable for large areas to fabricate an efficient (CH3NH3)PbI3 (MAPDI3) perovskite film
using an aqueous non-halide lead precursor such as Pb(NO3)2, which was employed owing to
its good compatibility with environmentally

benign and low-cost non-toxic solvents such as water.9,10 The Pb(NO3)2 layer adsorbed
spontaneously on the ZnO substrate by the SDC process leads to a stable and efficient MAPDI3
perovskite crystalline structure from the successive solid-state ion-exchange and reaction
(SSIER) with MAIL. The MAPDbI3 perovskite layers fabricated by this approach have
satisfactorily high PCEs in PrSCs. However, it is challenging yet essential for commercial
applications to achieve better performances than those obtained by spin-casting deposition.
Therefore, we aim to develop a simple dip-coating deposition method for mixed halide-based
perovskite materials, especially MAPbI3_xCIx, which increased the PCEs to above 20% of

that of PrSCs.11 The MAPDI3_xClIx perovskite materials bare more attractive owing to their
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higher charge carrier mobility and longer charge carrier diffusion length than MAPDI13.3,5,12
These have hitherto been prepared by the reaction of Pbl2 and MACI (or PbCI2 and MAL), but
currently, the preparation is done by inserting a small amount of CI in the MAPDbI3 perovskite
lattice.7,13,14

In this study, we demonstrate a facile, cost-effective, and environmentally benign approach to
prepare efficient MAPbI3_xCIx perovskite films from aqueous non-halide lead precursors by
a simple all-dip-coating deposition process for the first time. This was readily demonstrated by
sequentially dipping a thin ZnO/TiO2 bilayer deposited substrate in an aqueous Pb(NO3)2
solution and subsequently, in an MAI and MACI mixed solution. Interestingly, we found that
the MAPDI3_xCIx perovskite layers deposited via a simple dip-coating process were

constructed with a Cl/I ratio below ~3%, indicating the partial insertion of

MAPbBI; or

ﬁcc essc\y, MAPbL_Cl

Solid-State Y/

Ton-Exchange
& Reaction

d Qsmm

100°C

SSIER Cycle No.

MAPbDI;

MAPbI, Cl,

b)

Figure 1: Scheme Caption(a) Schematic description of MAPbIz and MAPbIs.xClx perovskite
material deposited by sequentially all-dip-coating in aqueous Pb(NO3)> and MAI and
MACI/MAI mixed solutions, respectively, followed by repetition of the SSIER process and (b)
a PrSC architecture used in this study.

57

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

Cl into the MAPDI3 perovskite lattice. The inserted amounts of Cl could be readily modulated
by varying the MACI concentration in the MAI and MACI mixed solution. Despite the small
amount of CI incorporation, this might lead to signi cant improvements in the surface
morphology and crystallinity of the MAPDbI3_xCIx perovskite layers compared to those of
MAPDI3 fabricated under the same conditions.12,15,16 Consequently, this SDC approach
enables the fabrication of the most efficient MAPDI3_xClx perovskite materials with an
aqueous non-halide lead precursor, in contrast to the conventional spin-casting approach that
uses detrimental organic solvents (DMF and DMSQ). The main purpose behind this work is to
avoid the toxicity of hazardous DMF and DMSO solvents to dissolve the lead halide precursor
and to focus on the usage of aqueous non-halide lead precursor to prepare an efficient
perovskite films which didn't obey the restrictions of substrate size.9-19 The PrSC devices

with these perovskite films exhibited superior device performances and stabilities, resulting in
an outstanding PCE of ~15.3%. Fig. 1 shows (a) a schematic description of MAPDbI3_xCIx

perovskite material deposited by sequentially dipping a ZnO-covered TiO2/fluorine-doped tin
oxide (FTO) substrate in aqueous Pb(NO3)2 and MACI/MAI mixed solutions followed by
repetition of the SSIER process between annealing at 100 °C and dipping in MACI/MAI mixed
solutions and Fig. 1(b) a PrSC architecture used in this study. These are also compared to those
of MAPDI3.

2. Results and Discussion

For the deposition of the MAPDI3«Clx perovskite layer by a simple dip-coating process, as
shown in Scheme 1a, we first fabricated a Pb precursor layer by dipping the substrate in an
aqueous Pb(NOz3)2 solution. The Pb(NOs)2 was unprecedently adsorbed on the ZnO surface and
then rapidly changed to dark brown-colored films upon exposure to the MAI solution and
MACI/MAI mixed solution even in a very short time of 30 s, indicating the formation of
MAPDI3 and MAPDI3.xClx perovskite materials, respectively. However, these perovskite films
rapidly decomposed, showing a change to a yellowish film corresponding to the crystalline
morphology of Pbl> during solvent drying at 100°C, even below 20% relative humidity. We
have speculated that MAPDbIz and MAPDbI3xClx perovskite materials could participate in ion-
exchange reactions between the unreacted Pb(NO3)2 even in the solid state, and this is defined
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as the SSIER process.>! We attempted to efficiently achieve more stable perovskite layers by
applying SSIER cycles. Interestingly, we found that the perovskite film fabricated via
repetitive SSIERs in MACI/MAI mixed solution exhibited much darker blackish color
compared to that in MAI solution, as shown in Scheme 1. This seemed to be a different
perovskite material with the MAPDI3 perovskite structure that forms upon exposure to the MAI
solution of the Pb(NO3)2 layer. Therefore, in this study, we prepared three types of MACI and
MAI mixture solutions: 0.45-MACI/MAI, 0.75-MACI/MAI, and 0.90-MACI/MAI by adding
MACI of 0.045, 0.075, and 0.090 M, respectively, in MAI solution of 0.1 M, which were
compared to those in MAI solution without MACI. The perovskite material layers fabricated
by a simple dip-coating process using these MACI/MAI mixed solutions presented much better
stability without decomposing into Pbl. as of five SSIER cycles, as shown in Figure S1-S4.
Figure 1 shows the (a, b) ultraviolet (UV)-vis absorption and (c) photoluminescence (PL)
spectra for MAPDI3 and MAPbI3.xClx perovskite material films deposited on ZnO/c-TiO2/FTO,
in which simple all-dip-coating approaches were used under the five SSIER cycles. These films
show the typical absorption behaviors of MAPbIs and MAPDbIzxClx perovskite materials with
onset points in the vicinity of 790 nm (optical band gap < 1.5 eV). The higher MACI
concentration in the MACI/MAI mixture led to darker blackish-colored and turbid perovskite
films, thereby providing nonuniform absorption behavior by light scattering in the UV-vis
spectra shown in Figure 1a. All MAPbIs.xClx perovskite materials prepared in the MACI/MAI
mixed solution seemed to exhibit a higher light-absorption efficiency at a wavelength of 750
nm than MAPDI3 subjected to the MAI solution when their baselines were adjusted to a ~850
nm. (Figure 1Db), indicating better crystalline morphology of perovskite films. Also, all
MAPbI3.xClx perovskite materials prepared in the MACI/MAI mixed solution exhibited the
lower PL intensities than MAPbI3 subjected to the MAI solution as shown in Figure 1b. This
indicates that perovskite materials prepared in the MACI/MAI mixed solutions show better
charge transfer into the ZnO/c-TiO2 ETL layer than those in the MAI solution.

Meanwhile, the PL intensities of their perovskite films were significantly affected by the MACI
concentration of the MACI/MAI mixed solution. Interestingly, it was observed that the
perovskite materials prepared in 0.75-MACI/MAI presented lower PL intensities compared to
those prepared with 0.45-MACI/MAI and 0.90-MACI/MAI. These results indicate that the
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perovskite materials deposited by a simple all-dip-coating process in aqueous Pb(NO3)2
solution and MACI/MAI mixed solution might have the characteristics of MAPbIsxClx
perovskite structure in which the Cl composition is closely related to the MACI concentration.
Therefore, we investigated the surface morphologies, crsytallinity, and atomic compositions of
these perovskite material films. Figure 2 shows field emission scanning electron microscope
(FESEM) images of the surface morphologies of MAPDI3 prepared in (a) MAI and MAPbDIs.
xClx perovskite materials prepared in (b) 0.45-MACI/MAI, (c) 0.75-MACI/MALI, and (d) 0.90-
MACI/MAI, respectively, under the same conditions. They could be compared with those of
the (e) Pb(NO3)2 layer adsorbed on (f) ZnO/c-TiO2/FTO substrat
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Figure 2: (a, b) UV-vis absorption and (c) photoluminescence

(PL) spectra for MAPDbI3 and

MAPbI3.xClx perovskite material films deposited on ZnO/c-TiO2/FTO, in which simple all-dip-

coating approaches were used under the five SSIER cycles.
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Figure 3: FESEM images of the surface morphologies of MAPbI; prepared in (a) MAI and
MAPbI3;.xClx perovskite materials prepared in (b) 0.45-MACI/MAI, (c) 0.75-MACI/MAL, and
(d) 0.90-MACI/MAL, respectively, under the same conditions, and (e) Pb(NOs3), layer adsorbed
on (f) ZnO/c-TiO2/FTO substrate.
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The Pb(NOs)2 deposited by dipping into an aqueous Pb(NO3z). solution presented well surface
coverage with a particulate morphology on the ZnO/c-TiO2/FTO substrate (Figure 2e). As
shown in Figure 2a, the MAPbIz perovskite film fabricated via SDC of this Pb(NO3)2 layer in
MAI solution followed by five SSIER cycles exhibited a structural morphology with
submicron-sized cubic-like crystal lumps grown from Pb(NO3)2, but it shows distinct grain
boundaries and rather sparse surface coverages on ZnO/c-TiO2/FTO substrates. The grain
boundaries can interrupt efficient charge transport, and inadequate surface coverage can lead
to interfacial recombination between the metal oxides and and hole transporting material

(HTM), resulting in the poor performance of PrSC devices.

Meanwhile, the MAPDIz.xClx perovskite materials fabricated with 0.45-MACI/MAI, 0.75-
MACI/MAI, and 0.90-MACI/MAI exhibited a more-blunt structural morphology with a well-
adhering grain boundary and much better complete surface coverage than MAPbIz prepared
under the same conditions as shown in Figure 2, thereby providing better performance of PrSC

devices.
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To clarify the origin of these variation in the surface morphology, X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD) analyses were carried out to investigate the
superficial chemical composition and crystallinity. (Figure 3) Figure 3a shows the XPS spectra
of MAPDI3 prepared in MAI (black line) and MAPbI3-xClIx perovskite materials prepared in
0.45-MACI/MAI (blue line), 0.75-MACI/MAI (red line), and 0.90-MACI/MAI (green line),
respectively. All the perovskite materials show common peaks at 143 (and 138) and 616 eV,
which correspond to the peak Pb 4f5/2 (4f7/2) and | 3d.*'%!8 Interestingly, in the case of
MAPbI:.xClx perovskite materials, an additional signal was detected at 198~202 eV for Cl 2p,
as clearly seen even at very low intensities from the XPS, as shown in Figure 3c. Furthermore,
the elemental quantitative data of Pb, I, and Cl were obtained from XPS, which is summarized
in Table S1. The Cl-contents in MAPbI3;xClx perovskite materials were determined to b 0.63,
1.18, and 3.14% (%ratio of CI/l) in 0.45-MACI/MAI, 0.75-MACI/MALI, and 0.90-MACI/MALI,
respectively. Although a similar concentration of MACI to that of MAI was adapted in a mixed
solution, the low content of ClI in MAPbIsxClx perovskite materials might be caused by the
formation kinetics of MAPbI3 perovskite structure being much higher than that of MAPbI3.xClx
perovskite structure.

This might lead to Cl incorporation into MAPbIs at relatively low concentrations. Additionally,
the MAPbIsxClx perovskite structure fabricated by this SDC approach might be readily
modulated using the incorporated Cl content by varying the concentration of MACI in solution
mixed with MAL, even as the maximum concentration of Cl that can be introduced into MAPDI3
perovskite through conventional spin-casting method has been limited to below 4% (CI/I)
because of the significant differences in the ionic radii of Cl and 1.11%:20]

The XRD patterns of MAPbIs prepared with MAI (black line) and MAPDIz«Clx perovskite
materials prepared with 0.45-MACI/MAI (blue line), 0.75-MACI/MAI (red line), and 0.90-
MACI/MAI (green line), respectively and correlated their perovskite conversions. (Figure 3b
and 3d) All the XRD patterns of these perovskite materials indicated typical MAPbIs crystalline
structures with an intense peak of (100) at 26 = 14.2°?!1 and no peaks related to the MAPbCls
perovskite crystal structure at 20 = 15.4°11 as shown in Figure 3b. This indicates that the
MAPDI3«Clx materials fabricated via SDC in aqueous Pb(NOs3), solution and in MACI/MAI

mixed solution might have perovskite structures inserted partially into the MAPbI3z perovskite
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lattice of ClI, like a dopant. Based on the XRD patterns, the conversion of MAPDI3 (Cmarbiz)
could be qualitatively defined using the peak intensities of Pbl, and MAPDI3z at 20 = 12.7° and
14.2°, respectively. 2]

Cwmaprbiz = l12.79/(l12.7° + l14.2°) @

As shown in Figure 3d, the Cmarniz values could be dependent on the concentrations of
MACI in the MACI/MAI mixed solution. The MAPbIzxClx perovskite materials prepared in
0.75-MACI/MAI gave higher conversion values for MAPbI3z perovskite generated from Pbl>
compared to those in MAI, 0.45-MACI/MAI and 0.90-MACI/MAI. This indicates that a high
concentration of MACI in the 0.90-MACI/MAI mixed solution might interrupt the MAPDbI3
perovskite formation by retarding the reaction between Pbl; and MAI. From these results,
despite the existence of a very small amount of ClI in the perovskite film, we found that Cl
incorporation can induce a significant improvement in the surface morphologies and
crystallinities, as
shown in Figure 2 and Figure 3, which can ultimately lead to improved device performance of
the PrSCs.
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Figure 5: (a) the current—voltage (J-V) curves for most efficient PrSCs based on MAPDI3
(black dotted line) in MAI and MAPDI:.xClx perovskite layers fabricated via a simple all-dip-
coating approach in 0.45-MACI/MAI (blue dotted line), 0.75-MACI/MAI (red dotted line), and
0.90-MACI/MALI (green dotted line) under the optimized conditions and (b) the hysteresis of
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the J-V curves in both scan directions for the PrSC devices with the MAPbIzxClx perovskite
layer prepared in 0.75-MACI/MAL.

Subsequently, we evaluated the photovoltaic performances of PrSCs with MAPbIz and
MAPDbI3xClx perovskite material films deposited on the thin ZnO/c-TiO: bilayer ETL by a
simple all-dip-coating approach in MAIl and MACI/MAI mixed solutions, respectively, and an
aqueous Pb(NOs). solution. The PrSC devices were constructed with an n-i-p configuration of
FTO/c-TiO2/ZnO/MAPbI3 (or MAPbI3.xClx)/HTM/MoOs/Ag. The conductivity and efficiency
of 2,2°,7,7°-Tetrakis(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD)
used as the HTM were improved after doping with additives such as 4-tert-butylpyridine (t-
BPy) and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI).>¥1 We determined the
optimum photovoltaic performance by comparing more than 200 individual PrSC devices.
Figure 4a shows the current—voltage (J-V) curves under an AM 1.5 irradiation (100 mW-cm-
1y for most efficient PrSCs based on MAPDbI3<Clx perovskite layers fabricated via a simple all-
dip-coating approach in 0.45-MACI/MAI (blue dotted line), 0.75-MACI/MAI (red dotted line),
and 0.90-MACI/MAI (green dotted line) under the optimized conditions, alongside a
comparison with MAPDIs in MAI (black dotted line). The results obtained during the
optimization of the device performances are also shown in Figure S5-S7.

As shown in Figure 4a, the PrSC devices with an MAPDbI3.xClx perovskite layer prepared in
MACI/MAI exhibited much better performance than that of MAPDbIz in MAI carried out under
the same conditions. The most efficient device performances are observed in the PrSC devices
with the MAPbI:xClx perovskite layer prepared in 0.75-MACI/MAL; the PCEs are quite notable
with a maximum/average of 15.29%/15.18% with a short-circuit current density (Jsc) of 21.31
mA -cm2, open-circuit voltage (Voc) of 1.04 V, and fill factor (F.F) of 0.69. The PrSC devices
with the MAPDIz.«Clx perovskite layer prepared in 0.45-MACI/MAI and 0.90-MACI/MAI also
presented distinguished PCEs of 12.93%/12.78% (with Jsc = 20.09 mA -cm, Vo = 0.99 V, and
F.F = 0.65) and 13.79%/13.67% (with Jsc = 21.11 mA-cm™, Voc = 0.99 V, and F.F = 0.66),
respectively, while the PrSC devices with the MAPDbIs perovskite layer prepared in MAI
exhibited PCEs of 5.51/4.98% with Jsc = 11.64 mA-cm, Vo = 0.86 V, and F.F = 0.55. These
results may have been caused by the better surface coverage and crystallinity of the MAPDI .
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«Clx perovskite films because CI insertion into the MAPDIs perovskite lattice often
demonstrates the passivation of surface defects, interfaces, and grain boundaries, thereby
reducing the risk of parasitic non-radiative recombination and improving the carrier diffusion
and charge separation. In contrast, the typical n-i-p PrSCs fabricated with the TiO> electrode
often show hysteretic J-V behavior depending on the scan direction (reverse or forward) due to
varying charge extraction or transportation rates of holes and electrons separated from
excitons.??l Figure 4b shows the hysteresis of the J-V curves in both scan directions under AM
1.5 irradiation (100 mW-cm™) for the best-performing PrSC devices with the MAPbI3«Clx
perovskite layer prepared in 0.75-MACI/MALI. These values are summarized in Table S2.

Most of the PrSCs exhibited negligible differences in Jsc values in both directions, but the Voc
and F.F values were slightly reduced in the forward direction. Nonetheless, the average PCE
value obtained in both directions is approximately 4% lower than the PCE value in the reverse
direction. Figure 5 shows (a) EQE spectra and (b) stability for the most efficient PrSC devices
with the MAPDIsxClx perovskite layer prepared in 0.75-MACI/MAI. As shown in Figure 5,
these PrSC devices also present good external quantum efficiencies (EQESs) in the light-
absorption region, in which the integrated photocurrents are well correlated with the Jsc values,
and good operational stability is obtained without a significant lowering of photovoltaic

performance for 400 h under 1 sun light intensity.

69

Collection @ chosun



Muhammad Adnan Ph.D. Thesis

Chosun University, Department of Chemistry

a)mu
20 '”““%“‘,a,cnuw“o.,a,,_“o.o“o%
80 k')
70
3
= 60
~
850 - 1]
40
5]
30
k]
20} \
10 e
\
ta

0 A L L 1 L
400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

b)
N‘\
G
2]8-
EIS-
_::glz-
3
9

1 1 1 L L L 1 1

—g—— V=P,
1.0 o000 0-0-0-0_g-0-3-0-9-0-g-0-5

0.8 |-

PR WP WU WU S ST T N

0.8
—9-9-0—9—9—9—9—3-9-0-9—-0—3—2—2—3-3-a-0-g

0.6

F.
(= —]
(SRS
T

0 A
0 50 100 150 200 250 300 350 400
Duration time (h)

Figure 6: (a) EQE spectra and (b) stability for the most efficient PrSC devices with the

MAPDI3«Clx perovskite layer prepared in 0.75-MACI/MAI

3. Conclusion

We have demonstrated the preparation of highly efficient MAPbIsxCly perovskite materials
using a simple, sequential all-dip-coating deposition in an aqueous nonhalide lead precursor
solution and MACI/MAI mixed solution toward a facile, cost-effective, and environmentally
benign manufacturing processe for high-efficiency PrSCs. The MAPbIsxClx perovskite layers

deposited via this dip-coating process were constructed with a Cl/I ratio below ~3%, indicating
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the partial insertion of Cl into the MAPDI3 perovskite lattice. The inserted amounts of Cl were
readily modulated by varying the MACI concentration in the MAI and MACI mixed solution.
A slight CI incorporation led to significant improvements in the surface morphology and
crystallinity of the MAPDbI3«Clx perovskite layer compared to those of MAPDI3z fabricated
under the same conditions. PrSC devices fabricated with these perovskite films exhibited
superior device performances and stabilities, resulting in an outstanding PCE of ~15.3%. Thus,
we successfully realized highly efficient MAPbI3.xClx perovskite materials with an aqueous
nonhalide lead precursor, in contrast to the conventional spin-casting approach that requires
toxic organic solvents. The results of this study lay the groundwork for environmentally benign
and low-cost manufacture of high-efficiency PrSCs.
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Chapter 5
Conclusion of the Study
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Conclusion

We have demonstrated the preparation of highly efficient MAPbIz and MAPDIsxClx perovskite
materials using a simple, sequential all-dip-coating deposition in an aqueous nonhalide lead
precursor solution and in pure MAI and MACI/MAI mixed solution toward a facile, cost-
effective, and environmentally benign manufacturing processe for high-efficiency PrSCs. The
MAPDIz and MAPDI:.xClx perovskite layers deposited via this dip-coating process were
constructed with a Cl/I ratio below ~3%, indicating the partial insertion of CI into the MAPDI3
perovskite lattice. The inserted amounts of Cl were readily modulated by varying the MACI
concentration in the MAI and MACI mixed solution. A slight Cl incorporation led to significant
improvements in the surface morphology and crystallinity of the MAPDI3.«Clx perovskite layer
compared to those of MAPDIs fabricated under the same conditions. PrSC devices fabricated
with these perovskite films exhibited superior device performances and stabilities, resulting in
an outstanding PCE of ~15.3%. Thus, we successfully realized highly efficient MAPbI3.xCly
perovskite materials with an aqueous nonhalide lead precursor, in contrast to the conventional
spin-casting approach that requires toxic organic solvents. The results of this study lay the

groundwork for environmentally benign and low-cost manufacture of high-efficiency PrSCs.
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