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Abstract

This research focused on developing new organic and inorganic semiconductor materi-
als and techniques for use in design and fabrication of organic photovoltaic solar cells.
Despite OPVs having benefitted from material development and device preparation con-
ditions optimization, the power conversion efficiency(PCE) of perovskite based solar cells
is slightly over 22% while that of polymer based counterparts is still relatively low close
to 13%. This is attributed to narrow optical absorption range in the solar spectrum and
poor charge transport.

Reproducibility, stability, durability and lifetime in addition to use of toxic lead and
chlorinated solvents in OPV still remain major challenge to overcome before commercial-
ization. Optimization of photoactive layer structure, interfacial layers and morphology
is a major factor influencing the improvement of OPV device performance. Although
organic solar cells, polymer solar cells and perovskite solar cell are at different stages of
development, it is important to note that they are fabricated using similar procedures and
encounter similar challenges.

Bimetallic nanocomposites were successfully synthesized and used to optimize the fab-
ricated perovskite and polymer solar cells. Incorporation of narrow bandgap metal
nanoparticles were employed at various layers as hole transport layer, electron transport
layer and in the photoactive layer in order to investigate their effect on optical absorp-
tion, charge extraction and transport. Results indicated that bimetallic nanoparticles
significantly improve the photovoltaic device performance through surface plasmonic

resonance effects.
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1. GENERAL INTRODUCTION

According to international energy outlook 2017 report[1l] the world energy con-
sumption is predicted to rise by 28% between 2015 and 2040 (see Figure 1.1). In
order to address global climatic changes, energy security and environmental pollu-
tion major transformations are needed in the energy sector. The amount of solar
energy released to the outer atmosphere far much exceeds the world energy require-
ment. In one hour the sun energy (16 TW) of which is equivalent to one year global
energy demand. However the available technologies have not been able to exploit
and conserve efficiently this energy resource(2, 3]. Renewable energy sources will
definitely play significant role in future due to increasing costs and depletion of

non-renewable sources as well as environmental pollution. The report further indi-

2015
800
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non-OECD
400
B J I o
D T T
1990 2000 2010 2015 2020 2030 2040

Fig. 1.1: World energy consumption quadrillion Btu.

cates that there is direct correlation between variations in global temperatures and
the concentration of CO, released to the atmosphere. Therefore, it is of paramount
importance to control processes that produce CO, in order to regulate future global
temperature rises(see Figure 1.2). There is need to conserve energy and concurrently
find alternative energy sources that are renewable. Most inorganic semiconductor
solar cells are well-developed but their high cost prohibit extensive affordability
and accessibility. Moreover, their existing solar cell technology is not compatible

with solution process and roll to roll production. Photovoltaics technology on the
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other hand has witnessed tremendous growth over the past few years and is likely
to have the greatest potential to provide this increasing energy demand[3]. The
main challenge has always been converting and storing solar energy in an efficient
and cost-effective way. Despite Organic photovoltaics based solar cells having pro-
gressed in their development within a short period due to optimization of process-
ing conditions, material design, and device architecture and the development of new
device architecture but poor reproducibility, low PCE, instability in ambient envi-
ronment, flexibility and toxic lead and chlorinated solvents remains major hurdles

to overcome. Therefore, the future of renewable energy rely heavily on the success of

LC LT TR S S S S S T S T S S S

0.2
0
-02
-04
-06
-08

(°Q

(I]) ':]CI T T T T T T T T T T T T T T T T T
380
B o 1330
= VT
o o 1320 =)
v 320L ) & 310 &
r 4300 =
Q
300+ L i 1290 =
PrTTIA B v ars 't WP {280 =
180 gnllongp sep g & W 00 1 | | 13270
1850 1900

Year
Fig. 1.2: Globally averaged combined land and ocean surface temperature anomaly (a) Globally

averaged greenhouse gas concentrations (b)[4].

Organic photovoltaics (OPVs) in providing efficient, stable, environmental friendly

and low-cost fabrication methods.

1.1 Justification:

Global energy consumption has been continually increasing with industrialization.
This has put a strain on fossils fuels, gas and coal which raises the concentration

of CO, which is not biodegradable in the atmosphere, which cause heavy global
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warming, and adverse climatic changes. Therefore, there is urgent need for sources
of energy which do not release carbon dioxide and other toxic gases and compounds

into the atmosphere.

1.2 Aim of thesis

The primary aim of this research is to develop low cost, environmental friendly,
solution-processed and reproducible photovoltaic devices with improved efficiency

and stability with possibility of upscaling.

1.3 Objectives of thesis

(a)To synthesis metal nanoparticles and employ them in solar cell fabrication.
(b)Preparation and characterization of metal nanoparticles incorporated thin film
solar cells.

(c)Reduce or find suitable but environmental friendly replacement for toxic lead.

1.4 Qutline of this thesis

This thesis provides an in-depth investigation on improving optical absorption
and enhancing the efficiency of solution processed thin film solar cells particularly
perovskite and polymer based solution processed devices. It explores a variety of
optimization methods with their performance on thin film perovskite solar cells
and provide insights into the physical understanding of their operation mechanism
for further improvement.

The thesis comprises of 6 chapters covering the areas of synthesis, characterization
and integration of bimetallic nanoparticles in fabrication thin film solar cells with
improved device structures through interface engineering and morphology con-
trol. Chapter 1 is devoted to general introduction about global energy demand and
supply with a critical look at the existing production technologies with a view of

addressing environmental pollution. It also highlight the problem addressed by this
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research its aims, objectives and justification and concludes with description of the
thesis outline.

Chapter 2 gives a general introduction to the OPV field, giving brief discussions
of organic solar cells and specifically describes the structure and the principle of
operation of organic and polymer based photovoltaic devices highlighting the key
issues and challenges experienced. Chapter 3 gives an overview of progress of per-
ovskites based solar cell due to the use of different device architectures, fabrication
techniques as well as on the use of various electron and hole transport interfacial
layers (HTMs and ETMs). It also discusses the use of solvent additives and the
basic mechanisms for device operation which provides better understanding on the
properties of the various layers of device structures.

Chapters 4 and 5 reports the results of investigations on the effect of integration
of plasmonic bimetallic nanoparticles as interfacial buffer layers into the inverted
planar structure perovskite solar cell as ETL and HTL, respectively. Key results of
which have been published in articles or already submitted .

Chapters 6 discusses results of investigations on the effect of integration of plas-
monic nanoparticles into the active layer of polymer solar cell.

Finally, key conclusions are drawn in chapter 7 and the outlook for future develop-

ment are discussed.
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2. LITERATURE REVIEW

2.1 General Introduction

The cost of silicon based solar cell production has continued to rise due to their
high cost of manufacture and long energy payback time. As a result thin film solar
cells based on organic, polymer and hybrid solar cells have gained prominence from
their potential to be produced from cheap, non-toxic, earth-abundant raw materials
and through solution processing environmentally friendly methods. Thin film solar
cells are classified according to the nature of photoactive layer used. Organic solar
cells forms part of the third generation solar cells which include dye-sensitized so-
lar cells(DSSCs), and hybrid solar cells[IH3]. The fundamental working principle
of organic photovoltaic devices is photoinduced charge separation between donor
and acceptor materials. Charge generation begins with absorption of photons in
the donor-acceptor blend. The excitons must be able to diffuse and reach the in-
terface between the donor and acceptor materials where charge separation occurs.
Therefore it is essential to control the morphology of these devices by keeping the
thickness of the p-type and n-type material close to the exciton diffusion length of
organic materials (5-20 nm)[4]. The excitons can be dissociated by induced electric
field at the heterojunction or by the difference in electrode work functions. The sep-
arated charges are then transported to the respective electrodes. Finally electrons
are collected by low work function metal which should be well matched with the
lowest unoccupied molecular orbital(LUMO) energy level of the acceptor. At the
same time holes are collected by a high work function metal which should be well
matched with the highest occupied molecular orbital(HOMO) energy level of the
donor. The choice of electrodes is crucial to avoid charge recombination as some
electrodes like ITO and silver can extract both positive and negative charges from
the active layer of the device. However, this is usually minimised through introduc-

tion of interfacial buffer layers between the electrodes and the photoactive layer [5].
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Figure 2.1 illustrate the main processes in operation of an organic solar cell[6]].
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Fig. 2.1: Working principle of an organic solar cell[6]].

Efficient exciton creation need broad optical absorption within the solar spectrum
and depends on the absorption characteristics of the photoactive materials em-
ployed. Exciton diffusion to the interface or electrode is determined by nanoscale
configuration of the device with interfaces within the diffusion length of the exci-
tons. Charge separation on the other hand depends on the energy difference between
the donor/acceptor (alignment of HOMO and LUMO) which enables charge separa-
tion. Finally the dissociated should possess high mobility. The overall PCE is low
due to the fact that part of sunlight is reflected and not all photons are absorbed,
and some excitons or charges may recombine before they reach the electrodes. The
HOMO and LUMO of the donor and acceptor material must be designed in the scale
of the exciton diffusion length of organic semiconductors (5-40 nm) in order to

convert all the photons absorbed to useful electricity[4].

2.1.1 Dye-sensitized solar cells(DSSCs)

DSSCs employs n-type semiconductor of TiO,/dye molecules, i e. transparent inor-
ganic anode usually nanoporous TiO; sensitized with light-absorbing dye molecules.
DSSCs work like photoelectrochemical cells in varied light conditions though it has
limited absorption in the near infrared region.The dye upon absorption of light
produce excitons, which are dissociated at the dye-semiconductor interface while

the transparent semiconductor network provides a pathway for electrons to the
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cathode[7]]. Figure 2.2 illustrates the structure and working mechanism of Dye-

sensitized solar cell.

Fig. 2.2: Diagram of a Dye sensitized solar cell

7.

2.1.2 Organic solar cells

An organic solar cells contain a blend of of a wide bandgap organic small molecule
or polymer donor and a Cg fullerene derivative acceptor in the photoactive layer.
Most fullerene derivatives absorb mainly in the UV, and to a less extend in the vis-
ible region of the solar spectrum. In order to obtain high J,. values, low bandgap
donor materials that absorb longer wavelengths of light is required. while high
PCEs, needs a perfect alignment of donor /acceptor energy levels to strike an op-
timum balance between V. and ], as maximization of one leads to a decrease in the

other.

2.1.3 Polymer solar cells

Solution-processed polymer solar cells consists of a blend of a p-type semiconduct-

ing polymer which acts as an electron donor and an n-type fullerene derivative as
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an electron acceptor. Most polymer solar cells have been fabricated from materials
such as P3HT and the fullerenes PC BM and PC,,BM with ITO as back electrode
due to its good electrical conductivity with high transparency over a wide range of

wavelengths.

Polymer solar cells suffer from short exciton diffusion length, low conductivity and
hole mobility which limits the thickness of both the photoactive and charge trans-
port layers to be very small [8]].

Single layered solar cell: The device structure consist of a single layer of organic mate-
rial is inserted between two different electrodes. The in-built voltage in single layer
solar cells arises from the difference in work function of the electrodes used or from
the potential barrier developed between the organic material/electrode interfaces.
In each case the photovoltaic performance depends largely on the nature of the elec-
trodes. Single layer solar cell suffer from low fill factor originating from high series
resistance of organic material.

Bilayer Solar Cell: In a bilayer heterojunction structure the diffusion length of an
exciton is restricted to about 10 nm, with the absorption distances is approximately
100 nm which often results in inadequate optical absorption. Bilayer solar cells
require the use of two substrates soluble in different solvents to avoid the dissolu-
tion of the first substrate during deposition of the second layer. There is inadequate
optical absorption in bilayer solar cell devices and only a small portion of the inci-
dent photons are converted to charge carriers which lowers the photocurrent in bi-
layer devices. Any photons absorbed with energy greater than the organic/inorganic
semiconductor bandgap is lost as heat. However, bilayer configuration has the ad-
vantage of exciton direct single component pathway link between the interface and
the electrodes

Bulk Heterojunction Solar Cells: Bulk heterojunction architecture was developed in
an effort to overcome the limit of device thickness brought about by small exciton
diffusion length in organic semiconductors. It involves the blending of both the
donor and acceptor in a single layer to form films with high interfacial surface area
which not only ensure that excitons are produced close to but also reach the inter-
face before recombination [4]. In bulk heterojunction solar cells (BHJ) two or more
single heterojunctions are fabricated directly stacked one on top of one another and

connected in series as shown in figure 2.3. This enables optimization of individual
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heterojunctions to absorb a specific part of the incident solar spectrum[4]. Optical
absorption efficiency can be enhanced by employing two different donors or accep-
tors with complimentary absorption spectra.The main advantage of BHJ structure
is the interpenetrated linkages of components all throughout the photoactive layer

which increase the contact area resulting in more effective exciton dissociation.

(@) (®)

High Work Fanction
Electrode

A\ aenting” |

Cathode Buflfer Layer

Anode Baffer Layer

Normal Inverted

Fig. 2.3: Device architecture of the (a) normal and (b) inverted BHJ OSCs[9]

Tandem Solar Cells: Tandem solar cells were developed minimise energy lost as heat
from photons with energy greater the bandgap of the semiconductor. This is nor-
mally brought about by the use of low work function metal electrodes like alu-
minium which react readily with oxygen or water causing degradation through for-
mation of an insulating metal oxide layer at the interface between the active layer
and the anode. The width of the oxide layer eventually increase and may cover
the whole device inhibiting electron extraction from the active layer. Tandem solar
cells extend optical absorption through the use of both high and low bandgap semi-
conductors to absorb high-energy photons and low-energy photons respectively. A

simplified structure of tandem Solar Cells is provided in figure 2.4.
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Fig. 2.4: Structure of tandem solar cell[11]].

Subcells in tandem solar cells can be connected in series to produce a high V.
or in parallel to enhance the J,. through summation of the photocurrent outputs
from the individual subcells. The main challenge is mismatch between the subcells
which results in recombination of carriers from top and those from the bottom at the
interlayers[10]. Optimum thickness of each layer determines the overall efficiency

in tandem solar cells.

2.1.4 Hybrid solar cells

Hybrid solar cells forms part of both third and fourth generation solar cells consist-
ing of a mixture of both inorganic and organic nanoparticles [12]. Hybrid solar cells
are fabricated from a combination of nanostructured organic materials with inor-
ganic semiconductors to exploit the distinctive features of each component like high
electron mobility of inorganic semiconductors and solution processability of organic
counterparts[13]]. The inorganic component usually forms the charge transport part
while the organic semiconducting part forms photoactive layer. Hybrid solar cells
possess good optoelectronic properties such as high optical absorption over a wide
spectral range, suitable bandgap with appropriate HOMO/LUMO alignment bipo-
lar charge carrier and transport efficiency[14]. The efficiency of hybrid solar cells is
still low compared to those fabricated from inorganic materials due to low exciton

dissociation coupled with poor charge carrier transport.
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2.1.5 Perovskite based solar cells

Perovskite solar cell was developed from DSSC. Photovoltaic cells based on per-
ovskites came into limelight and gained prominence in 2009 when Kojima et al.
employed hybrid (organic-inorganic) perovskites as photoactive layer [15]. Per-
ovskite is a ambipolar charge transport semiconductor and can be employed as a
p-type, n-type or photoactive layer. In addition it has direct tunable band gap, high
absorption and extinction coefficients, high carrier mobility and stability[11), [L5].
The general chemical structure of organolead halide perovskite follows the formula
ABXj3, where A is the organic molecule (CH;NHJ or NH,CHNH]Y)), B is a divalent
metal (Pb or Sn), and X is a halide (Cl, Br, or I). The bandgap of organometal halide
perovskites can be adjusted by tuning their geometry by varying temperature and
substituting A, B, and X components of perovskite. If the A site in perovskites is
too small a distortion occurs in octahedral phase systems leading to instability and
consequently a change in electronic properties. However, when the site B of the
perovskite is higher in the periodic table, the bandgap of the organometal halide
perovskite is raised[[L6]. Perovskite solar cell films undergo irreversible degradation
at humidity above 55%. Also oxygen, UV light, temperature and solution processing
are reported to accelerate degradation. Perovskite based solar cells unlike conven-
tional solar cells exhibit abnormal J-V hysteresis behaviour when scanned from
forward bias to reverse bias voltage and vice versa. Its origin is a subject for debate
but ferroelectricity has been suggested as the main cause. An in-depth review on

perovskite based solar cell is given in chapter 3

2.2 Nanomaterials in organic photovoltaics

Over the past few years researchers, scientists and industrialists have engaged them-
selves in the development of new p-type and n-type photoactive organic semicon-
ductors which are fundamental materials for the advancement of thin film based
solar cells. This has also witnessed transition from micro to nanoscale in the de-
sign and fabrication of new device structures. Nanomaterials refers to structures of
dimensions 100 nm and less. Nanotechnology has been employed to develop new

devices and materials with a wide range of applications from consumer based to
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electronics products. Most nanostructured materials have physical and chemical
properties which are quite different from their bulk counterparts. Nanomaterials
combine materials with a variety of different physical and chemical characteristics
to produce novel hybrid systems with tunable optoelectronic properties. For exam-
ple unique optoelectronic properties are exhibited by metals, semiconductors, and
insulator on the nanoscale. Their characteristics depend on their physical dimen-
sions, such as shape, size, surface features, doping levels, surrounding medium and
presence of other nanostructures. Metal nanoparticles properties can be used to
tune the resonant frequency from the UV through to the infra-red part of the spec-
trum. Nanostructured solar cells include; dye-sensitized solar cells, organic solar
cells (and polymer solar cells), perovskite solar cells and quantum dot solar cells.
All except DSSCs utilize a thin organic/inorganic molecules of thickness between
50-300 nm as photoactive layer. Nanostructures can contain single component or
multiple components. Multiple components nanostructures can be in form of core-
shell or metal/polymer nanocomposites. Core-shell nanocomposites form in vari-
ous shapes and sizes ranging from tubular to spherical[17-H20]]. Metallic nanopar-
ticles have potential to improve the optical absorption due to the localized surface
plasmon resonance (LSPR) effect. It is the collective oscillation of electrons on the
nanoparticle surface or at the interface between an insulator and the metal nanopar-
ticle which occurs when the frequency of incident light photons is equal to that of
the frequency of surface electrons. This enables the metal nanoparticles to couple
with incident light from excitation of their surface plasmon resonances which even-
tually leads to enhancement of the electromagnetic field at the nanometer scale sur-
rounding the metal nanoparticles[21]]. The bimetallic nanoparticle components in
semiconductor-metal nanocomposites enhance light-harvesting in semiconductors
by improving the charge separation and by increasing the optical absorption. The
performance of organic photovoltaic solar cells can be enhanced through extension
of the absorption range to longer wavelength by varying the size of the nanoparti-
cles to modify the bandgap. Hybrid photovoltaic solar cells incorporating more than
one different semiconductor plasmonic nanostructures have been developed. This
has resulted in enhancement of device performance in organic solar cells through
improved charge generation and charge transport collection [22]. The main disad-
vantage of nanomaterials is that resonances takes place at specific wavelengths only

and when the nanoparticles are used in the direction of sunlight depending on the
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device structure may block part of the incident light[23]].

2.3 Solar cell Parameters

The important parameter to evaluate the solar cell performance is the electrical
power output that can be extracted from the absorbed solar radiation. The J-V char-
acteristic of an illuminated solar cell that works like an ideal diode behaviour of the

Shockley solar cell is given by;

q(V —JAR;)
nkBT

V - JAR,

J = Jlexp( e

)+ Joh (2.1)

where ], is photo-generated current, J; is reverse supersaturation current, n is ideal-
ity factor; Ry and Ry, are series and shunt resistances, respectively. Equation (2.1)re-
duces to a simple diode equation which is often used for the characterization of a

single diode solar cell

q(V —JAR)

J = Juexp(F

) = Jon (2.2)

The first term describes thermally generated currents and current injection from the
electrodes while the second term stands for photo-generated current. All the solar
cell parameters can be derived from the current-voltage equations. The maximum
power given by the rectangle shown in Figure 2.5 is the maximum output power of

the device and the power conversion efficiency is given by:

_ Pour _ FEXVoc]se (2.3)
=3 = 2 :

The overall photovoltaic performance of a solar cell is determined by short-circuit
current density (J,.), open-circuit voltage (V,.) and fill factor (FF). The short circuit
current density, is the photocurrent generated at the contacts without externally
applied field while the highest potential developed by the device is the open-circuit
voltage. The quality of the device which is given by the squareness of the current

density voltage curve is the fill factor (FF)(see figure 2.5).
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Fig. 2.5: Current—voltage characteristics of an OPV cell in the dark and under illumination.[24]

It is the ratio of maximum power produced to the product of J,. and V,.. Both the
Jsc and V,,. depends on the bandgap of the photoactive material and only photons
with energies higher than the bandgap are absorbed to generate excitons. The V.
on the other hand is determined by the energy difference between HOMO of the
donor and LUMO of acceptor. A narrow bandgap is needed to maximize optical ab-
sorption and a high energy difference between HOMO and LUMO to obtain a high
V,[25), 126]. Current density is also affected by charge mobility; a high charge mo-
bility leads to higher current densities. Maximizing thickness gives more excitons
however, minimizing thickness leads to higher photocurrents. The thickness of the
photoactive layer must be smaller than the exciton diffusion length to avoid bulk
recombination. As a result, the thin-film organic solar cell has poor photon absorp-
tion and harvesting][5, 27].The fill factor will also affect both the J,. and V,. which
in turn are directly related to internal series and parallel resistance in a device. FF
depends on a number of factors such as, the nanoscale structure of the photoactive
layer such as; (hole mobility of the photoactive layer, crystallinity, the quality of the
interfaces between the photoactive material and the electrodes), charge extraction
layer, materials design, morphology control, and interfacial engineering. The suc-
cess of organic photovoltaic solar cells for commercialization will be determined by
improvement in efficiency, stability, lifetime, and a reduction in production costs.

Although the PCE has been gradually improving, temperature, humidity, oxygen,
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moisture, U-V light and solution processing are the main causes of degradation in
organic and perovskite solar cells. Stability and lifetime must be guaranteed before

upscaling and commercialization.
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ARTICLEINFO ABSTRACT

Keywords: Perovskite based solar cells have recently emerged as one of the possible solutions in the photovoltaic industry
Perovskite solar cell for availing cheap solution processable solar cells. Hybrid perovskites display special combination of low bulk-

Hole and electron buffer layers
Thin film

Solvent additives

Optical properties

trap densities, ambipolar charge transport properties, good broadband absorption properties and long charge
carrier diffusion lengths, which make them suitable for photovoltaic applications. The year 2015 witnessed an
upsurge in the published research articles on perovskite solar cells (PSC) which is indicative of the potential of
this material. Since the introduction of PSC the power conversion efficiency has reached above 22% in a rela-
tively short period of time. However, the poor reproducibility in device fabrication and lack of uniformity of the
PSCs performances is a major challenge in obtaining highly efficient large scale PSC devices. The aim of this
paper is to present a brief review on the current status of perovskites based solar cell due to the use of different
device architectures, fabrication techniques as well as on the use of various electron and hole interfacial layers
(HTMs and ETMs). The review also discusses the basic mechanisms for device operation which provides better
understanding on the properties of the various layers of device structures.

3.1 Introduction

One of the most important challenges facing our society today is searching for clean
and renewable energy sources in order to mitigate the rapidly increasing energy
demand due to population growth and industrialization [1H10]. The overreliance
on fossil fuels such as oil, coal and gas have caused enormous challenges on the
Earth’s atmosphere due to the green house effect that resulted in continuous rise of

atmospheric temperature which in turn caused the recurrance of drought, flooding,
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severe winter in different parts of the globe. It is imperative to search for alternative
sources of renewable energy to save ourselves from increasingly dangerous path of
using fossil fuel. A lot of efforts have been invested to harness solar energy to ease
the problem. In fact, a number of alternative photovoltaic technologies are avail-
able at present to harvest solar energy into useful electricity. The major challenges
in the photovoltaic technologies have always been converting and storing solar en-
ergy in an efficient, cost-effective and environmentally friendly manner. For over
six decades the number of photovoltaic technologies have evolved in the search for
efficient and low cost solar cells. There are four phases of photovoltaic technologi-
cal evolution known today; the first generation of solar cells are fabricated based on
crystalline silicon which have dominated the photovoltaic (PV) market for the past
half a century. However, the processing cost of crystalline silicon based solar cells
is relatively high, making it unaffordable for many around the globe. Besides, the
residuals from processing the silicon wafer is also environmentally unfriendly. The
second generation of photovoltaic technology uses thin film inorganic compounds
including a-Si:H, CdTe, and CIGS technology which have often required vacuum
vapour deposition in the preparation of thin film that consumes high energy. Third
generation of PV technologies are solution processable thin film solar cells which are
designed to generate high power conversion efficiency at low device fabrication cost;
these include light condensed cells, organic photovoltaic cell (OPV), dye-sensitized
solar cells (DSSCs) [2], [3]. Last but not least, perovskite based solar cells recently
emerged as fourth generation of photovoltaic technology which exceeded expecta-
tions in terms of producing high power conversion efficiency in very short period of
time (see Fig. 3.1 and Fig. 3.2 (a))[3H6].

Despite lots of research on perovskite based solar cells (PSCs), a very small fraction
of the total research in the PSC have reported power conversion efficiency greater
than 22% [8H12]. This is partly due to the instability of the perovskite medium and
problems associated with the reproducibility of the devices. The structural imper-
fections and limited range of light absorption of the perovskite photoactive layer
are some of the factors that determine the power conversion efficiency in PSC. How-
ever, the instability of the perovskite in ambient environment is a major challenge
to the realization of upscaling and commercialization. A number of research efforts
are still in progress to address the issue of stability by way of interface engineering

and new device architectures. As of November 03, 2017, a simple search on the
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Science direct using as key words “Fabrication and Characterization of perovskite
solar cells” gives 1606 papers which is an indication of the high emphasis given to
the research field (see Fig 2 (b)). The first sections of this review discusses the evolu-
tion and working principles of perovskite based solar cells. This is then followed by
discussion on topics such as; film preparation and characterization methods, nature
of various types of perovskites, device architectures, Lead-free Perovskite, charge
transport materials (both organic and inorganic) and effect of solvent additives and
conclusions. The purpose of this review work is to provide a detailed account of
the broad range of issues in the processing of perovskite based solar cells instead
of focusing on selected topics. This is however by no means claimed as exhaustive
but differs from other reviews as it covers a range of topics, recent development and

addresses a relatively new area of interest such as crystalline perovskite.

3.1.1 Perovskite based solar cells evolution

Some authors dated back to the early 1990 laid the foundation for the beginning of
concerted efforts in the investigations of perovskite as solar absorber. Green et. al.
have recently published an article on the series of events that lead to the current
state of solid perovskite solar cell [13]]. The year 2006 regarded by many as a land
mark towards achieving perovskite based solar cell when 2.2% power conversion ef-
ficiency was reported from dye-sentizized solar cell using MAPbBr; as sensitizer by

aresearcher Japan [8]]. The first perovskite-sensitized TiO, solar cell were fabricated
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using liquid electrolytes based on iodide or bromide solutions. Kojima et al reported,
in 2009, the first organic lead halide compounds CH3;NH;PbBr; and CH;NH;PbI;
as sensitizers in photoelectrochemical cells. They measured an improved PCE of
3.81% for the CH3NH;PbBrj -based device and 3.13 % for the CH3;NH3Pbl3-based
device,respectively [15]]. In 2011, the same group reported a PCE of 6.5% still using
the CH3NH;Pbl3-based iodide liquid electrolyte contact, but with improved prepa-
ration conditions. However, the perovskite nanocrystals decomposed in the iodide
liquid electrolyte which lead to rapid device degradation which lasted only for about
10 minutes [16]]. The need for solid contact was necessary to improve device stability
of the device because the adverse effect that polar iodine has on the perovskite struc-
ture emanating from iodine liquid electrolyte. By mid-2012, a solid state DSSCs was
fabricated with exceptionally high PCE of 9.7% using spiroOMeTAD as a HTM and
perovskite solar absorber (CH3;NH3Pbl3). The use of a solid-state HTM dramatically
improved the devices stability compared to liquid electrolyte, however, the stability
issue still remains the main challenge for mass production and commercialization
of perovskite solar cell[17,[18]. On the other hand the power conversion efficiency
of PSCs was growing to a new levelwhich was reported in 2013 using sequential
deposition method for the formation of the perovskite pigment within the porous
metal oxide film that resulted in improved film morphology and power conversion
efficiency as high as 15 %[[19}20]]. In March 2013, Sang II Seok and his coworkers re-
ported in Nano Letters promising results from using mixed halide perovskite solar
cell through optimization of ratio of halides in CH3NH3Pb(I;_,Br,)3; compound|20].
This paved the way for unprecedented growth in PCE over the years, with a highly
efficient solid-state solar cells produced with PCE of 12.3 % [21]], 15% in 2013, 19.3
% at first half of 2014 [22]. A PCE of 20.1 % was reported by Korean Research Insti-
tute of Chemical Technology (KRICT), by W. S. Yang and co-workers using Formami-
dinium lead iodide (FAPbI3) as active layer which was later certified by National Re-
newable Energy Laboratory (NREL) in late 2014 [5}, [13}23]. Another break though
was reported in early 2016 jointly by (KRICT)/ Ulsan National Institute of Science
and Technology (UNIST) with PCE 22.1%[25]].Methods of device preparations and
the PSCs performances achieved by various research groups through varying ma-
terial optimization approaches, device architectural design, interfacial engineering
and improved fabrication conditions have been duly reported and highlighted in

able 1, 2 and 4.[8-14, (19, [24-60].



3. Perovskites photovoltaic solar cells: overview of current status 26

3.1.2 Working of perovskite solar cells

The processes of charge generation to collection in perovskite solar cell are not well
understood because of the complex nature of the medium. The principles of p-n
junction used to describe silicon based solar cells are still applicable to characterize
the properties of perovskite solar cells. A number of authors treated perovskite so-
lar cells as p-n, p-i-n and n-i-p junctions solar cell. However, there are still a lot of
ambiguity on how to translate the operating mechanisms of PSC in terms of already
existing knowledge because of the various layers of materials involved in PSC fab-
rication. Several studies on the charge transport dynamics in PSC suggest that the
electron-hole pairs are generated immediately after photoexcitations in perovskite
medium and then dissociated into free charge carriers in less than 2 ps [6], 61}, [62]]
by the built-in electric field caused by the work function difference between the an-
ode and the cathode. The success of perovskite as a good solar absorber is largely
dependent on the long charge diffusion length and high carrier mobilities in the
medium. The electron and hole diffusion length in perovskite medium can reach
as high as 1 ym which is large enough for the photo-generated charges to reach the
interfacial layers and electrodes without geminate and non-geminate recombination

depending on the morphology of the perovskite medium[62]]. The carrier mobilities

(b) n-type TF

HTM perovskite

Au

® electron O hole

Fig. 3.3: Charge transport channels in perovskite solar cells (a) using mesoporous medium (b) pla-

nar perovskite structure [5].

are reported to be as high as 25 cm?/(V.s)[12, [61] which is three order of magni-
tude greater than the mobilities in bulk-heterojunction organic solar cells. The two
main device architectures known today in the preparation of perovskite solar cell

are mesoporous-PSC and planar-PSC structures. Hence, the charge transport chan-
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nels in PSC are often discussed in terms of the nature of these two device structures.
In mesoporous structure, the perovskite layers are formed on porous semiconduc-
tor metal-oxide (TiO,) medium which create inter-penetrating network between the
two phases, and therefore, the photo-generated electrons can be transported along
the titanium oxide domain to the cathode while the holes are transported along the

perovskite domain to the anode (see Fig. 3.3).

In the case of planar structure, the devices are fabricated using interfacial buffer
layers of hole and electron transport material (ETM and HTM) through which the
photo-generated charges created in the photo-active medium can be driven to the
electrodes by the influence of either built in potential or external applied field. In
both cases, the power conversion efficiency of the devices is strongly dependent on
the the quality of the morphology of the perovskite film. Bad morphology of the
solar absorber film will result in charge accumulation in the medium which en-
hances charge recombination that significantly reduces the performance of the de-
vices.Moreover, the formation of Ohmic contact between the active and ETM/HTM
layers is a critical factor for the successful collection of charges from the devices. It
is generally to be noted that the effective conversion of solar energy heavily relies on
the optical absorption of a photoactive medium of a solar cell which ideally needs
to overlap with visible and near infrared regions of the solar spectrum because of
the high intense emission of the radiation in the region. If the band gap of a solar
absorber is too small < 1 eV, the device will be able to collect extra current from
infrared emission but the open-circuit voltage will be too small. If the band gap is
too wide ( > 2 eV), only a small fraction of solar radiation can be harvested. Hence, a
semiconductor with a band gap of approximately 1.2 - 1.6 eV is ideal material for so-
lar cells fabrication in the form of single junction. Hybrid perovskite films are direct
band gap semiconductors with low bulk trap densities which have demonstrated sig-
nificant luminous properties. The band gap of the hybrid perovskites can be tuned

by molecular engineering, i.e. by tuning the composition of the compounds.

3.1.3 Solar cell characterization

The capacity of a solar cell to convert solar energy into useful electricity mainly
depends on the nature of the photoactive medium and the effectiveness of the de-

vice architecture to collect photo-generated current. According to Shockley and
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Queisser (SQ) calculations the upper limit for solar energy conversion efficiency us-
ing single-junction solar cell is close to 33% at 1.4 eV absorber energy band gap.
However, many of single-junction solar cells have recorded efficiencies well below
this upper limit because of the various factors involving in the functions of real solar
cells which includes defects, unavoidable impurities, interfacial potential barriers
etc 16, [7, [63H65]]. The maximum limit of power conversion efficiency decreases as
the absorber band gap shifts away to from the ideal energy band gap 1.4 eV. Fig. 3.4
shows the dependence of the maximum power conversion efficiency limit for various

energy band gap absorber materials and experimentally recorded efficiencies. The

35

30—

Black-body limit

Efficiency (%)

o ! 4
cis | i3
® cds™
Best confirmed efficiency under

L standard conditions (T = 25°C)

5 I ] !
05 1.0 1.5 2.0 2.5
Bandgap (eV)

Fig. 3.4: Dependence of the maximum efficiency limit on energy band gap of the solar absorber

[63].

SQ limits were calculated by assuming all losses are avoided and all photons with
energy E > E, are absorbed, all non-radiative recombination pathways are elimi-
nated and the device radiates like a black body with chemical potential y > 0. It
is also assumed that each absorbed photon leads to the creation of one electron in
external circuit and hence the internal quantum efficiency (IQE) is unity. Shockley
and Queisser regards the solar cell as a body, emitting blackbody radiation, ¢, and
absorbing solar radiation ¢,,. Both absorbed and emitted photon flux only depend

on the absorbance, a(E), which determines the short circuit current density [66].

[ee]

Jsc(SQ) = qf 8(E)peundE (3.1)

0
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where E is the photon energy, q is the elementary charge, a(E) = 1 (for E > E;;) and

a(E) = 0 (for E < Eg) gives efficiency limits as;

Jsc(5Q) =4 [ a(E)pandE 5.2
Eg

The ratio of the generated Frenkel excitons to the total incident photons, in terms

of energy, is defined as the absorption efficiency (714). The absorption efficiency is

expressed as;

a4
11A = —ax (33)

sc

max is the maximum current density that could be extracted from a device, due to

its dependence on wavelength,

Az
ax ij Pavir so(A)AdA (3.4)
hC /\1

where, Psp1.56 is the AM1.5G solar irradiance, h is Planck’s constant and c the speed
of light in vacuum. J2 is the current density that the device would generate at short
circuit, assuming that all the photons absorbed within the active layer contribute to

the photocurrent hence,

Az
Jie = %f A" PyysG(A)AdA (3.5)
M

where A% is the active layer absorption.

In real solar cells, however, part of the collected solar energy is dissipated in a num-
ber of channels from the device. The main mechanisms of energy losses are due
to the presence of various forms of resistances against the flow of charges. A solar
cell is therefore modelled by equivalent circuit which takes into consideration the
resistances in real devices (see Fig. 3.5). The series resistance arises from the bulk
properties of the active layer, electrodes as well as the contact resistances between

the active layer and electrodes. The shunt resistance originated mainly from carrier
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recombinations and leakage current from the edge of the device. The necessary in-
formation in the characterization of a solar cell are contained in the current-voltage
plots from the devices. For a single-junction type solar cell as depicted in Fig. 5 can

be described by the current-voltage relationship expressed as:

LI Rs
AVAVLY &
i lo Rsé Iv
1 &

Fig. 3.5: Equivalent electrical circuit for single-junction solar cell.
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where ]ph is photo-generated current, J; is reverse supersaturation current, n is ide-
ality factor; R; and Ry, are series and shunt resistances, respectively. For the solar
cells with minimal leakage current (i.e R;;, < R, ) the current equation reduces to a
simple diode equation which is often used for the characterization of a single diode

solar cell.

q(V —JAR)

J = Jslexp(

))_]ph (37)

The first term describes thermally generated currents and current injection from the
electrodes while the second term stands for photo-generated current. All the solar
cell parameters can be derived from the current-voltage equations (7)[67-69]. The
open circuit voltage of a solar cell is often defined as:

”kBTzn(]’;h +
Jo

Voc = 1) (3.8)

where n is the ideality factor which determines the quality of the devices. When
n = 1, the carrier recombination in the depletion region is negligible and diffusion
current is prevailing in the device. On the other hand, when n = 2 the recombina-

tion process in the device is high. In reality, the device exhibits both recombination
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current and diffusion current, hence, the value of n normally varies between 1 and

2. The diode quality becomes poor when n > 2.

3.2 Methods of perovskite film Preparation

The two major mechanisms in the preparation of perovskite films are vacuum de-
position and solution processing. Solution processing methods has preferential
advantage over vacuum deposition because of the low-cost and compatibility with
roll-to-roll device production. In both cases, researchers used various steps or pro-
cedures in the preparation of the films that resulted in difference in the quality of
the film as well as in the reported power converion efficiencies. The most common
procedures in vacuum deposition are one-step precursor deposition, sequential
vapour deposition, dual source vacuum deposition processes. While in the solution
processing approach, one-step spin-coating, two-step spin-coating, vapour-assisted
solution processing and spray-coating are some of the most common deposition
methods (see Fig. 3.6)[32] (70, [71]]. A brief account of each of the deposition method

will be discussed in the following subsection.
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Fig. 3.6: Various types of perovskite film preparation (a) One-step precursor deposition, (b) two-

step sequential deposition method, (c¢) DSVD and (d) VASP [72]]

e One step spin-coating deposition: It is solution based method which involves
the precipitation from solution where the precursor metal halide and organic

halide molecules are dissolved to produce perovskite crystals. In one-step spin-
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coating, a precursor solution is prepared by mixing CH;NH;3I (MAI) (or CH;NH;Cl
(MACI) and Pbl, in polar aprotic solvents such as N, N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO) or gamma-butyrolactone (GBL). The precursor solution
is then spin-coated on the substrates followed by annealing the samples at 90°C
(see Fig. 6 (a)) which produces perovskite crystals [72, [73]. It is, however, diffi-
cult to control film properties such as film uniformity and morphology using this
methods[74]. Therefore, perovskite crystals prepared by a single-step spin-coating
method is characterized by the formation of larger grain sizes, rough and uncontrol-
lable film morphologies which may suppress the charge carrier extraction processes

that leads to poor device PCE.

e Two step spin-coating deposition: In the two-step process, first a metal halide
(Pbl,) is spin coated on the the substrate followed by coating of CH3NH3I (MAI)
from a solution on dried Pbl, film. The colour of the film turns from yellowish to
dark brown. Then the film is annealled at 90° for 10 minutes to improve the film
morphology. In some cases, the second step can be replaced by dipping the Pbl,
film into the organic salt solution which produces perovskite formed by a chemical
reaction. The two-step solution process was developed in order to gain better con-
trol over the film morphology of CH3NH;PbI; deposition. This approach involve
diffusion of the CH;NHJ cations into the lead-halide matrix to form perovskite film.
However, the challenge with this method is the formation of a compact MAPbI; film
on the top layer of Pbl, which prevent further formation of perovskite deep into
Pbl, layer. Therefore, larger thickness and sufficient time would be required to fully

convert the Pbl, into perovskite [75].

e Vapour-assisted solution process (VASP): This procedure involves the deposition
of Pbl, film from a solution first (via spin coating) followed by anealling the film
in a chamber filled with CH3NHj;3I vapour at 150° for two hours. Devices based on
VASP have outstanding short-circuit current densities and show no sign of current
leakage through the absorber film. It has exhibited improved grain sizes of the per-
ovskite films which help reduce the presence of grain-boundary, traps and reduce
charge-carrier scattering that lead to lower charge recombination and enhanced
device performance. Some of the most important advantages of vapour assisted

solution processed perovskite solar cells is the high reproducibility of high-quality
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Tab. 3.1: Optimal device performance reported with different perovskite deposition methods[71]].
VASP = Vapour assisted solution process; SVD = Sequential vapour deposition; DSVD =

Dual source vacuum deposition; SCD = Spray coating deposition

Deposition process Jsc(mA cm?)  Voc(v) FF PCE% Ref
Two-step Spin coating 23.69 1.113 77.3 20.4 12
direct intra-molecular exchange 24.7 1.06 77.5 20.2 60
One step deposition 23.83 1.086 76.2 19.71 10
sequential solution deposition 22.75 1.13 75.01 19.3 11
sequential solution deposition 22.19 1.01 72 16.1 8
Two-step Spin coating 21.5 1.02 71 15.9 59
Two-step Spin coating 21 1.02 71 15.8 47
sequential solution deposition 20.4 1.03 75 15.7 58
sequential solution deposition 20.3 1.02 76.6 15.7 29
sequential solution deposition 21.9 1.04 73 15.6 31

films, including high purity, compatibility with large areas and fine control over
film thickness and morphology as well as high PCE. A PCE of over 10.6 % has been
achieved using VASP method[76].

e Vacuum deposition methods: Vacuum deposition method allows the depositions
of precursors in vacuum atmosphere. It is possible to use this method to deposit
one precursor at a time (single step) or two or more precursors deposition simulta-
neously (co-deposition). The advantage of this method is that the deposition takes
place in a clean environment and reduce contamination from solvents. It allows con-
trol over the film thickness and offers better film uniformity. In addition, the low
fabrication temperature makes vacuum deposition compatible with a wide range
of substrates, including flexible substrates and textiles. One of the advantages of
dual-source vapour deposition is the possibility of preparing highly crystalline per-
ovskite films of arbitrary thickness and the ability to monitor material growth in
real-time. It is noteworthy, however, annealing perovskite layer in air has proven to
be an efficient method for the formation of high quality perovskite film compared

to annealing in nitrogen atmosphere.

Table 3.1 compares the performance of the solar cells produced by various film de-
position techniques. According to the device performance summarized in table 3.1
the sequential solution deposition involving two-step Spin coating have produced
the highest PCE as reported in the literatures. Generally, two-step film deposition
is the most successful and reliable solution processing methods with better repro-
ducibility of the devices compared to one step. According to Hariz et al[81]] vapour

deposition creates better uniformity in the deposition of perovskite film compared
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to solution processing method. The films produced by spin coating are less uniform
and form pin holes which causes leakage currents that reduces device performance.
Fig. 3.7 shows significant difference in the performance of devices fabricated by
vapour deposition compared to solution processed films. Enhanced photocurrent
and open circuit voltage is recorded using vapour deposition. This is due to the
fact that, in addition to the uniformity of the films in vapour deposition, it is sol-
vents free and hence contains less impurities than the film produced by solution
processing. However, in terms of device production cost and large scale roll-to-roll

compatibility, solution based sequential deposition is preferable [51]].
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Fig. 3.7: Current-voltage characteristics of perovskite solar cell produced by vapour deposition
and solution processing. The device performance of dual vapour deposition was found to

be 15.5 % while 8.6 % was recorded for solution processing[51].

3.3 Organometal halide perovskites

3.3.1 Composition and properties of perovskites

The general chemical structure of organolead halide perovskite follows the formula
ABXj3, where A is the organic molecule (CH;NHJ or NH,CHNHY})), B is a divalent
metal (Pb or Sn), and X is a halide (Cl, Br, or I) [82]]. The two most commonly used
organic molecules in the formation of organic-inorganic hybrid halide perovskites

are Methylammonium (MA) and Formamidinium (FA). Fig. 3.8 shows the chemical
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structures of these basic and important organic molecules in a perovskite. Of these
two compounds, methylammoniun is the most commonly used organic component

of the pervoskite structure. However, FA has favourable energy band gap close to

v « «
Methylammonium  Formamidinium

Fig. 3.8: Chemical structure of (a) Methyl ammonium and (b) Formamidinium [83]].

1.47 eV and broader absorption band compared to methylammonium cation. It is
also known to have a slightly larger ionic radius than the methylammonium group,
which leads to an increase in perovskite tolerance factor. The difference of these
molecules is evident when they both form perovskite with lead tri-iodide molecule.
The Formamidinium lead iodide (FAPbI3) perovskites has better optical absorption
width compared to conventional methylammonium lead iodide (MAPDbI3). This is
due to the lower energy band-gap of FAPbI; has close to 1.47 eV compared to 1.57 eV
of MAPbI3. The main advantages FAPbl; over MAPbI; and MAPbBrj is that it forms
uniform and continuous thin film with less concentrations of pinholes or defects.
FAPbI; is also more stable as it does not undergo a structural phase transition within

the operation temperature-range of the solar cell.

Organometallic lead halide perovskite was first introduced as a sensitizers in dye-
sensitized solar cells (DSSCs) in 2006, and further development was achieved by
using CH3NH;PbI; as a sensitizer in 2009 [84]. These perovskite materials have
outstanding properties such as high absorption coefficient and broad absorption
band covering almost the entire visible spectrum from 300 to 800 nm. Mixed
halide perovskite such as CH;NH3PbX,I5_, (X = Br, Cl) exhibited slight blue-shift
while NH,CHNH,Pbl; exhibited red-shift. Significant red shift of optical absorp-
tion was reported from CH3;NH3Snl; or CH3NH35n,Pb;_,I5 well beyond 1000 nm.
Organo lead halide perovskite possesses ambipolar charge-transport properties
with high electron and hole mobility as high as (2-10)cm? V~! s7! and (5-12) cm?
V-1 571, respectively (for CH3NH;3Pbl3). The medium offers relatively balanced
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electron and hole transport with long diffusion lengths in the range of micrometre
for CH3NH;Pbl; and CH3NH;3PbCl,I5_,. The most widely investigated organolead
halide perovskites are CH;NH3;Pbl; and CH3;NH;PbI; ,Cl, because of their long
carrier diffusion length in the order of 100 nm and over 1y m, respectively. They
have high carrier mobility of about 66 cm?/V.s which significantly reduces carriers

recombination.

3.3.2 Methylammonium lead triiodide (CH3N H3Pbl3)

Methylammonium lead iodide perovskite (CH3NH;3Pbl3) forms cubic structure as
depicted in Fig. 3.9 has interesting optical and electrical properties which are suit-
able to be used as a solar absorber. It has become one of the leading compound
for the preparation of organic-inorganic hybrid perovskite solar cells. It has high
optical absorption coefficient, good electrical transport properties, favourable band
gap (~1.55 eV), which is close to the optimum value for a single junction solar cell.

Moreover, the long-range electron-hole diffusion lengths of at least in the range of

Fig. 3.9: General crystal structure of CH3;NH;3;PbX; perovskite[83]].

100 nm is responsible for the success of MAPbI; perovskite in the fabrication of
mesostructured solar cells using solution processing. The challenges have been the
formation of uniform, pinhole-free CH3NH;Pblj films on planar substrate by con-
ventional solution process discussed in section II as well as short life time of the

perovskite film under exposure to humidity and elevated temperatures.
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3.3.3 Methylammonium lead tribromide (CH3 NH3PbBr3)

Bromide is one of the halide group that can substitute the role of iodine in the forma-
tion perovskite. Methylammonium lead tribromide posseses high energy bandgap
(2.3 eV) compared to iodine based perovskite but offers unique properties as a so-
lar absorber. Although MAPbBr3) has less optical absorption in the infrared region
where the emission intensity is high but it offers higher V- compared to triiodide

counterparts( see Fig. 3.10).
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Fig. 3.10: Steady-state absorption and photoluminescence. (a) MAPbBr; single crystal. (b)

MAPDI; single crystal. Insets: corresponding Tauc plots displaying the extrapolated

optical band gaps[84].
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Cai et al. and Noh et al.,[20] using conjugated polymers PCBTDPP or PTAA respec-
tively as the HTM, in a CH3NH;PbBr; based perovskite solar cell, obtained solar
cells with high Vi of 1.16 V while Edri and co-workers reported later a Vo up
to 1.3V[91]]. Bromide based perovskite forms good quality film solar absorber as
confirmed by Sheng et al.,[6] who reported through XRD measurements that there
is no remnants of CH3NH;Br and PbBr; in the synthesized CH3;NH3;PbBr3 which is
indicating that all of the PbBr, is converted into CH3;NH3;PbBr; and the CH3;NH;
has been completely used up [84].

3.3.4 Mixed halide perovskite CH3;NH;3Pbl;_,Cl,

The properties of halide perovskite can be fine tuned by introducing additional
halide element in the basic structure. This leads to changes in the energy band
gap as well as the optical absorption band width as shown in Fig. 3.11. The mixed
halide perovskite consists of CH3NH;Pbl;_,Cl, and CH3NH;Pbl;_,Br,. However,
both MAPbI; and CH3NH;Pbl;_,Cl, are direct band gap semiconductors with high
absorption coefficient and a favourable band gap of 1.5-1.65 eV as well as a high
electron-hole diffusion length ranging from ~ 100nm to ~1 ym. In 2012, Snaith and
co-workers used the mixed-halide CH3;NH;Pbl;_,Cl,, which exhibited better stabil-
ity and carrier transport compared to its pure iodide equivalent. The carrier diffu-
sion length improved by about ten times greater than that of the pure iodide (~ 100
nm) resulting in good carrier collection[62]. MAPbI;_,Cl, has been found to have a
long charge diffusion length and improved stability in air compared to MAPbI; [86].
The electron-hole diffusion length is greater than 1 micron for CH3NH;PblI;_,Cl,,
whereas in the case of CH3NH;PbI3, it is only 100 nm [87]]. Li et al reported that
MAPbI;_,Cl, and MAPbI; having similar absorption and photoluminescence decay-
lifetimes, bandgaps and Fermi levels. Though devices with a MAPbI;_,Cl, photoac-
tive layer generally result in higher efficiency PSCs [88]. The CH3NH;PbI;_,Cl, has
been reported to be used in fabricating efficient planar devices by evaporation. It is
to be noted that the properties of mixed halides depends on the stochiometric ratio
of the halide in the medium (see Fig 11). In general, mixing halides in perovskites

increases stability, enhances carrier transport and bandgap tuning [89].
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Fig. 3.11: The effect of stochiometeric ratio of halides in the synthesis of organic lead perovskite.

The onset of absorption changes by the amount both organic and inorganic component

of the compounds [90], (91].

3.3.5 Crystalline perovskite

In addition to polycrystalline perovskite solar cells, which have been under intense
investigation since 2006, a single crystal perovskite solar cell has recently attracted
a lot of research attention. Due to the low trap density and absence of grain bound-
aries of single crystals, they possess much better optoelectrical properties than
their polycrystalline counterpart. In 2016, Bakr’s group first reported perovskite
monocrystalline solar cells with two different device structures: ITO/MAPbBr; (4
pm)/Au and FTO/TiO,/MAPbBr; (1 pm)/Au [92]. The first HTM-free PSC resulted
a power conversion efficency > 5%. By utilizing a p-n junction in the second PSC,
the efficiency was enhanced to 6.5%, which was higher than that of the best HTM-
free PSCs. At the same time, Dong et al. fabricated PSCs with millimeter sized bulk

single crystal. The device was with a lateral structure and the PCE was up to 5.36 %
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Fig. 3.12: (a) The photograph of MAPbBrj; single crystal film (b) cross sectional SEM of solar cell

structure (c) the J-V curves of cells [95].

via piezoelectric poling [93]. Chen et al. developed a solvent engineering strategy to
adjust the orientation of ploycrystalline film [94]. By preparing amorphous PbBr,
precursor and adding non-polar CYHEX to the solvent, crystal orientation could be
significantly adjusted to the [001] direction with an even surface. The PCE of the
HTM-free PSC was up to 8.09 % (Voc = 1.35 V), which was the highest in MAPbBr3-
based HTM-free PSCs. Recently, perovskite single crystal films have been fabricated
by a space-limited crystallization method. The thicknesses of the as-grown single
crystal film could be adjusted from nanometers to several tens of micrometers, with
lateral dimension ranging from hundreds of microns to millimeters [96-H98]]. Based
on such a technology, Rao et al. prepared a laminar MAPbBr; single crystal solar
cell. The MAPDbBrj single crystal film had a thickness of 16ym and a size of 6 x 8
mm?, as shown in Fig. 12. The PCE of single crystal PSC achieved a remarkable
growth 7.11 %. Furthermore, the PCE preserved 93 % of its initial value after aging
for 1000 h, showing a high stability [95]].
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3.4 Phase transitions in perovskites

Perovskite is the result of the reaction between metal and organo halide molecules

with the general formula given by:

Where A represents a protonated amino group like MA™ or FA, B stands for Pb%*
or Sn?* and X stands for halide such as I", Br~, or CI~. The reaction kinetics of
perovskite phase formation are really fast. Moreover, it has been reported that
perovskite phase undergoes structural transition depending on the temperature of
the environment. Generally, in a temperature range between 300 K and 400 K,
CH;3NH;3PbX3 undergoes reversible phase transition between tetragonal and cubic
symmetry which is in the range of solar cell operating temperatures. The phase tran-
sition is in fact confirmend by XRD measurments as depicted in Fig 3.13(b). Such
structural transitions in the perovskite film could affect the photovoltaic properties
as structural phase transition is usually accompanied by changes in band structure
(901,199, 100]. The cubic phase is transformed into the tetragonal phase at tempera-
ture close to 300 K, this is often attributed to the ordering iodine ions which results
in lower symmetry of tetragonal from the cubic system. The larger unit cell vol-
ume of the cubic structure is favourable for the transition than that of the tetragonal
structure. This is due to both thermal expansion of the unit cell and atomic disor-

dering of I and Pb atoms in the cubic phase.

Tab. 3.2: Crystal systems and transition temperatures (K) of CH3NH3PbX3 (X = Cl, Br, or I).

Material CH;NH;PbCl;  CH3NH;PbBr;  CH;NH;Pbl;
Crystal system cubic cubic cubic
Transition temp. 177 236 330
Crystal system Tetragonal Tetragonal Tetragonal
Transition temp. 172 149 =154 161

Crystal system Orthorhombic Orthorhombic ~ Orthorhombic

According to the information provided in Fig. 3.13(a)and table 3.2 at very low
temperature below 200 K, the tetragonal perovskite phase is transformed into the
orthorhombic systems because of the ordering of CH3NHj3 ions in the unit cell
[100]. The XRD study results, by Oku et al, found that phase transformation of
the CH3NH;Pbl; perovskite structure from tetragonal to cubic system is due to par-

tial separation of Pbl, from CH3NH;Pbl; phase which is attributed to the decrease
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Fig. 3.13: Structure models of (a) during the phase transition from cubic, tetragonal and or-

thorhombic structures (b) the XRD results of the various phases of the perovskite film

of the unit cell volume of the cubic perovskite [101}, [102]]. Reports indicate that
no change in the photovoltaic parameters have been observed in a transition from
tetragonal to cubic structure. However, Significant loss in PCE is observed in the

transition from tetragonal to orthorhombic structures.

3.5 Perovskite solar cell architectures

Perovskite solar cell comprises of basically the perovskite photoactive film sand-
wiched between two electrodes. Interfacial buffer layers are often employed between
the active layer and the electrodes to facilitate the charge transport processes (see
Fig. 3.14). There are two types of interfacial layers in the device structures namely
electron transport materials (ETM) and hole transport materials (HTM) which are
either organic or inorganic materials. In principle,one of the electrodes must be
a transparent conducting oxide (TCO) such as indium or fluorine-doped tin oxide
(ITO or FTO), in some cases, aluminium doped zinc oxide (AZO) is also used. The
device structure culminated by deposition of metal(top)electrode from eitheralu-
minium, silver or gold [14,[103]]. Nonetheless, in terms of charge collection strategy
from PSC there are two distinct structures namely,the conventional (n-i-p) and in-

verted (p-i-n) structures (see Fig. 3.14), where p, n and i are p-type, n-type and in-
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trinsic layers of materials.The main difference between n-i-p and p-i-n architectures

is the currents flows in the opposite directions [104} [105]. Furthermore, depend-

Metal Metal
HTM ETM
Perovskite Perovskite
ETM HTM
TCO TCO
Glass Glass
(@ n-i-p (b) p-i-n

Fig. 3.14: The device structure of PSC (a) Conventional (b) inverted structures [70,[106-108]).

ing on whether the device contains mesoporous medium or not the perovskite solar
cell can be classified as mesoporous and planar structure. Mesoporous uses n-i-p
type design because of the need for the deposition of porous TCO electrode.Metal
oxides such as TiO,, Al,0O3 or ZrO, are the most common materials for the prepa-
ration of mesoporous medium in PSC. The purpose of these mesoporous media in
PSC are not only to serve as a scaffold compact thin films but also as selective charge
transport(blocking)materials. For example TiO, scaffolds extends well into the op-
tical path of the photoactive layer which assist in the effective collection of electrons
from the medium by preventing or reducing charge recombination. However, TiO,
as cathode buffer layer in the n-i-p structure requires high temperature sintering
at (450-500)°C and hence the solar cells suffer from anomalous current-voltage (I-
V) hysteresis. Nonetheless, Perovskite solar cell with mesostructured TiO, or Al,O;
scaffold have typically shown higher efficiency and stability on glass substrates upon
annealing at high temperatures [109-113]]. Planar perovskite solar cells commonly
uses p-i-n design with Cgy and its derivatives (e.g., PC¢;BM, PC;;BM, ICBA) as or-
ganic electron transporting materials (ETMs). Planar PSC employs both HTM and
ETM in its structure which significantly enhances the collection of photogenerated
holes and electrons. As a consequence p-i-n structure currently recorded the high-
est power conversion efficiency to date. Most p-i-n configuration devices can be
fabricated at temperatures below 150°C which makes them suitable for device fab-

rication on flexible substrates. The following subsection discuss the prons and cons
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of both mesoporous and planar structures in terms of device performance.

3.5.1 Mesoporous/mesoscopic structures

Mesoscopic n-i-p structure was the first design for the preparation of the perovskite
based solar cell which is still widely used in the fabrication of high performance so-
lar cells. It consists of a TCO cathode from either FTO or ITO with range of thickness
between 50 and 70 nm. It has thick mesoporous oxide layer (150 to 300 nm) from
(mp-TiO, or mp-Al,03 or ZnO) which is eventually filled with perovskites photoac-
tive layer up to 300 nm thick. This is followed by spiro-OMeTAD layer deposition
of about 150 nm to 200 nm thick on top of the active layer which acts as a hole
transport buffer material (HTM). Finally, metal anode electrode (Au or Ag) between
50 to 100 nm thick will be deposited to complete the device fabrication. The meso-
scopic layer enhances charge collection by decreasing the carrier transport distance,
preventing direct current leakage between the two selective contacts and increasing
photon absorption due to light scattering in the medium. To date, the best planar
n-i-p device achieved power conversion efficiency reached of 19.3 % through care-
ful optimization of the electron selective ITO-TiO, interfaces. It also exhibits higher
Voc and Js¢ relative to a comparative mesoscopic device processed with the same
materials and approach. However, the planar device usually exhibits more severe J-
V hysteresis [114]. The PCEs of the mesoporous perovskite devices have been higher
than those of the planar devices due to a large diffusion length in planar devices

which causes recombination of charge carriers.

3.5.2 Planar structures

In a planar configuration, upto hundreds of nanometer thick solar absorber layer can
be fabricated which is sandwiched between ETM and HTM without a mesoporous
scaffold. Planar architecture offers several advantages over mesoporous structure
such as the ease and low temperature device processing, no requirement for vac-
uum deposition and compatible to roll to roll device fabrication. The inverted p-i-n
type PSCs uses (PEDOT: PSS) as a hole transport layer and PCBM with its deriva-
tives as n-type electron transport layers. Leijtens et al. found that the planar per-

ovskite films were superior in terms of charge carrier mobility which showed greater
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Fig. 3.15: Current-voltage(J-V) curves of the champion PSCs for mesoporous and planar

configuration[87]).

than 20 cm?V~1s~1[70,[107, 108, 115]. Figure 3.15 compares the performance of de-
vices produced using planar and mesoporous configuration. According to the result
presented in Fig. 15 [87], planar structure out performed those produced using
mesoporous structure for mixed halide perovskite while the mesoporous were bet-
ter with halide perovskite. Jeon and co-workers fabricated and reported PSCs based
on CH3NH;Pbl; combined with mesoscopic m-TiO, architecture with PCE as high
as 16.7%[87]]. However, solar cells prepared with planar configuration suffered from
open circuit voltage loss which could be attributed to the high density of traps re-
sulting in non-radiative electron-hole recombination [115]. Inverted planar (p-i-n
structure) structure was designed to avoid the use of mesoporous TiO, layer which
requires high-temperature sintering and therefore substituted with cheap HTMs
and ETMs. Unlike mesoscopic structure, the planar-type perovskite solar cells are
facing numerous device imperfections associated with the formation of non-uniform

perovskite films which has often contributed to lower device performance [26](Table

3.3).
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Tab. 3.3: Summary of the device lead free perovskite solar cells

Active material Deposition Method ETM HTM Jsc Voe FEF  PCE  Year Ref
mAcm™2 \4 % %
CH3NH3Snl3 Spin coating ¢-Ti02/m-Ti0, Spiro-OMeTAD 16.8 0.88 42 6.4 2014 [122]
CH3NH3Snl3 Spin coating c-Ti0y Spiro-OMeTAD 19.9 0.32 37 418 2017 [123]
FASnI3 Spin coating m-Ti0, Spiro-OMeTAD 22.07 047 61 6.22 2017 [128]
CH3NH3Snl3_yBry Spin coating c-Ti0y Spiro-OMeTAD 8.26 0.88 59 573 2014 [129]
FAMASnI3 Spin coating Cgo/Bathocuproine (BCP) PEDOT: PSS 21.2 0.61 63 8.12 2017 [130]
CsySnlg vapor deposition ¢-Ti0; P3HT 5.41 0.51 35 096 2016 [131]
CH3NH3SnCl3 Spin coating ¢-Ti0,/m-Ti0y PEO/ KI/ I, 1.5 0.6 59 055 2017 [I132]

Lead-free perovskite solar cells

Perovskite solar cells and all-solid-state perovskite solar cells still suffer from toxi-
city and long-term chemical instability of Lead under ambient conditions, specif-
ically in the presence of air, humidity and light. Most research efforts are now
geared towards identifying lead-free perovskite absorber materials for incorpora-
tion in the device manufacturing which could still lead to significant improvement
in PCE [116H121]] Some of the promising alternative elements for lead include tin
(Sn), caesium (Cs), germanium (Ge), copper (Cu), antimony (Sb) or bismuth (Bi)
with tin-based perovskites being currently most promising with a PCE of 6.4%.
HC(NH;),SnI3 and inorganic perovskite CsSnl; when used as solar energy harvest-
ing material both achieve a PCE of 2% [122]. Alkaline-earth metals such as magne-
sium (Mg), calcium (Ca), strontium (Sr), and barium are also favourable materials
with ionic radii close to that of lead. Tin-based perovskite materials are more sus-
ceptible to be oxidized than organic lead halide perovskite hence architectural and
interface engineering is needed to further improve stability and enhance the perfor-

mance of Sn-based PSCs [123}, [124].

3.6 Charge transport buffer layers

The charge transport processes in perovskite based solar cell are influenced by the
energy level alignment between the workfunction of the electrode and the active
layer as well as the crystallinity of the photoactive medium. The energy levels
alignment can be fine tuned by introducing ultrathin charge transport materials
between the active layer and the electrodes [73]]. Semiconductor metal oxides are
the most popular choice of interfacial layers in organic-inorganic hybrid perovskite
solar cells. Metal oxides such as TiO,, ZnO, Ta,0O5, Al,O3 and ZrO, have low

work functions and are suitable for electron transport materials (ETM). On the other
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hand, high workfunction metal oxides such as MoO3, NiO, CuO, and V,05 are used
as anode buffer layers known as hole transport materials (HTM). These metal ox-
ides are chosen because of their ease of processability and low cost compared to
pure metals. Some common salts and organic molecules are also used as inter-
faical layers in the preparation of organic solar cells, these includes polychlorinated
biphenyl(BCP), Poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)|PEN[125-127], Lithium Fluoride (LiF) and self-assembled Cg
derivatives. The crystallinity of the photoactive medium is one of the critical factor
for efficient generation and collection of photon induced charges. In recent years the
use of solvent additives has become a popular practice to improve the crystallinity,
film uniformity as well as device performance as presented in (Table 3.4) which
will be discussed in details later.The role of buffer layers in the preparation of thin
film solar cells are often aimed at preventing the active layers from adverse effect
of humidity and oxygen, to align energy levels mismatch between active layers and
electrodes, to assist charge transport process and serve as scaffold in the device struc-
ture. A detailed insight into some of the frequently used buffer layers in terms of

performance enhancement is given in the following sections Table 4.5.
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Fig. 3.16: Energy levels of the the various materials used as the electron selective contact material
(ETM)(left), absorbers (middle) and hole selective contact materials (HTMs) (right) in

the preparation perovkite based solar cells [25].
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Tab. 3.4: Summary of the device evolution and performance of perovskite solar cells
Active material Deposition ETM HTM Jsc Vor FF PCE Year  Ref
Method mAcm?  V % %
CH3NH;3PbI3 Spin coating WO3 Spiro-OMeTAD 17.0 0.87 0.76 11.24 2015 [8]
CH;3NH3Pbl;_,Cl, Spin coating PCg¢1BM PEDOT:PSS 17.4 0.92 073 11.62 2015 [26]
CH3NH;3PbI3 Spin coating PCq1BM PEDOT:PSS 13.09 0.9 0.83 9.46 2015 [27]
CH;3NH3Pbl;_,Cl, Spin coating PCBM NiO 15.62 1.07  0.64 10.68 2015 [28]
CH3NH3I Spin coating TiO;/TiAcy Spiro-OMeTAD 20.3 1.02 0.766 15.7 2015 [29]
CH3NH3lI Spin coating CgoBphen PEDOT:PSS 20.9 1.02 0.72 15.4 2014 [30]
CH3NH;3PblI3_,Cly Spin coating TiO,/Graphene  Spiro-OMeTAD 21.9 1.04 0.73 15.6 2014 [31]
CH3NH;3PblI3_,Cl, Hybrid ev. method - - 17.0 1.09 0.535 9.9 2014 [32]
CH3NH;3PbI3 Spin coating TiO, Spiro-OMeTAD 13.14 1.029  0.426 5.77 2014 [33]
CH3NH;3PblI3_,Cl, Spin coating ¢-TiO, PTB7 20.2 0.94 0.70 13.29 2015 [34]
CH3NH;3PblI3_,Cly Spin coating TiOy Spiro-OMeTAD 18.26 1.09 0.607 12.1 2015  [35]
CH3NH3Pbl3 Spin coating PC¢1BM PEDOT:PSS 21.55 0.86 0.75 13.85 2015 [36]
CH3NH;3PblI3_,Cly C3-SAM PC¢1 BM PEDOT:PSS 18.9 0.89 0.691 11.6 2015  [37]
CH3NH;3PblI3_,Cl, Spin coating TiO, Spiro-OMeTAD 18.9 0.972 0.616 12.7 2015  [38]
CH3NH3PbI3 Spin coating TiO, Spiro-OMeTAD 17.6 0.995 0.70 12.3 2014 [39]
CH3NH;3PblI3_,Cl, Spin coating TiO, Spiro-OMeTAD 18 0.97 0.64 11.2 2015  [40]
CH3NH;3PbI3 Spin coating TiO, Spiro-OMeTAD 15.9 0.95 0.61 9.2 2015  [40]
CH3NH;3PbBr3 Spin coating c-TiO Spiro-OMeTAD 7.55 1.42 0.77 8.29 2015  [41]
CH3NH3PbI3 Elec.deposition ¢-TiOy Spiro-OMeTAD 20.97 0.98 0.71 1459 2015 [42]
CH3NH;3PbI3_,Cly Spin coating PCBM/ZnO PEDOT:PSS 19.6 0.98 0.74 14.2 2015 [43]
CH3NH;3PblI3_,Cl, Spin coating CuAlO, PEDOT:PSS 21.98 0.88 0.75 14.52 2016  [44]
CH3NH3PbI3 Spin coating PC41BM/BCB Red. GPO 15.4 098 0.716 10.8 2014 [45]
CH3NH;3PbI3 Spin coating c¢-TiOy Spiro-OMeTAD 17.6 1.0 0.734 13.0 2014 [46]
CH3NH;3PbI;3 Spin coating Ce0/PCB PPP 21 1.02 0.71 15.8 2015 [47]
CH3NH;3PbI3 Spin coating c-TiOy Spiro-OMeTAD 22.19 1.01 0.72 16.1 2015 [8]
CH3NH;3PbI;3 Spin coating WO3-NP.NR NS  Spiro-OMeTAD 17 0.87 0.76 11.24 2015 [26]
CH3NH;3PbI;3 Spin coating PC¢1 BM PEDOT:PSS 18.95 0.94 0.72 12.88 2015 [26]
CH3NH;3PbI;3 Spin coating TiO, Without HTM 18.9 0.77 0.65 9.4 2014 [48]
CH3NH3Pbl3 Spin coating TiO, Remnant Pbl, 15.1 1.036 0.62 9.7 2014 [49]
CH3NH3Pbl3 Spin coating TiO, Spiro-OMeTAD 22.3 0.96 0.67 14.3 2014 9]
CH3NH;3PbI3 Spin coating TiO, P3HT 21.76 0.96 0.653 13.7 2015  [50]
CH3NH3PbI3_,Cl, Spin coating ¢-TiO; Spiro-OMeTAD 21.5 1.07 0.67 154 2013 [51]
CH3NH3Pbl3 Spin coating m-TiO, Spiro-OMeTAD 17.6 0.888 0.62 9.7 2012 [52]
CH3NH;3PbBr3 Spin coating TiO, - 5.57 0.96 0.59 3.13 2009 [15]
CH;NH;Pbl; Spin coating TiO, - 11 0.61 0.61 381 2009 [I5]
CH;3NH;3PblI3_,Cl, Spin coating PCBM PEDOT:PSS 17.5 0.88 0.676 104 2014 [53]
CH3NH3Pbls Spin coating m-TiO, Spiro-OMeTAD 20.3 0.91 0.71 12.8 2016  [54]
CH3NH;3PbI3 Spin coating m-TiO; Without HTM 12.10 0.82 0.562 5.60 2015 [55]
CH3NH;3PbI3 Spin coating m-TiO, with HTM 12.45 0.95 0.595 7.04 2015  [55]
CH3NH;3PbI;3 Spin coating PCg1 BM PEDOT:PSS 21.58 0.84 0.614 11.12 2015 [56]
CH3NH3PbI,Cl Spin coating TiO, Spiro-OMeTAD 17.8 0.98 0.63 10.9 2012 [57]
CH3NH3Pbl3 Spin coating ZnO Spiro-OMeTAD 20.4 1.03 0.75 15.7 2013 [58]
CH3NH;3PbI3 Spin coating m-TiO,p Spiro-OMeTAD 20.0 0.993 0.73 15.0 2013 [20]
CH3NH;3PbI3 Spin coating m-TiO; Spiro-OMeTAD 21.3 1.0 0.66 14.1 2013 [20]
CH3NH;3PblI3_,Cl, Spin coating m-TiO/A1,03  Spiro-OMeTAD 21.5 1.02 0.71 15.9 2014 [59]
CH3NH3Pbl3 Spin coating m-TiO,/Al,03  Spiro-OMeTAD  23.83  1.086 762 19.71 2015 [I0]
CH;3NH;PblI;_,Cl, Spin coating Y-TiO, Spiro-OMeTAD  22.75 113 7501 193 2014 [II]
FAPDI3 direct intra-molecular exchange m-TiOy PTAA 24.7 1.06 77.5 20.2 2015  [60]
CH3NH;3Pbl3 Spin coating m-TiO, Spiro-OMeTAD 23.69 1.113 77.3 20.4 2016 [12]
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3.6.1 Hole transport materials (HTMs)

The hole transport materials (HTMs) in the device structure of organic and per-
ovskite based solar cell does not only improve the power conversion efficiency but
also enhances the device stability. HTMs currently form an integral part of per-
ovskite solar cells. The ideal characteristics of HTMs are a high hole mobility, a
good thermal and UV stability, and a well matched HOMO energy to the perovskites.
HTMs are the necessary interface modification layer between perovskite and anode
in inverted planar PSCs (see Fig. 3.16). They function as hole selective contact
which significantly enhances hole collection ability, reduces charge recombination
and increases built-in voltage. A number of materials both from organic and in-
organic source have been used as HTMs in the fabrication of PSCs. However, the
inorganic HTMs are hindered by the limited choice of materials and results rela-
tively lower PCE solar cells. Organolead halide perovskites are more conductive
than the HTMs currently used hence there is need for a capping layer of HTM to
prevent contact between the perovskite and metal cathode . However, this increases
the series resistance and decreases the FF of the resulting cells. They are composed
of organic and inorganic hole-conductors. Organic hole-conductors can be further
divided into three categories namely: small molecule hole-conductors like Tripheny-
lamine (TPA)-based compounds such as spiro-MeOTAD, conducting polymers like
Polythiophene-based conducting polymer poly(3-hexylthiophene-2,5-diyl) (P3HT)
and organometallic compounds such as Copper phthalocyanine (CuPc). Deposit-
ing the HTM within an insulating mesoporous buffer layer comprising of Al,0O;
nanoparticles, prevents the metal electrode migration while at the same time allow
for precise control of the HTM thickness. PEDOT:PSS, P3HT: PCBM and metal ox-
ides NiO, V,05, MoO3; and WO3 have also been widely used as HTM [133-135].
Hole extraction takes place at the HTM/perovskite layer interface. Hence it is nec-
essary to achieve meaningful electron blocking and efficient hole extraction through
interface engineering between the HTM and the perovskite film. HTM layer above
the perovskite film protect the perovskite from atmospheric moisture. Interfacial
engineering through the use of ultrathin compact and non-conductive aluminium
oxide layer either below or above the HTM has also been reported to enhance the
stability of PSCs. Little attention has been paid to the development of inorganic

HTMs with favourable energy levels like Cul and NiOy. However, due to their high
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mobility, stability, the ease of synthesis and low cost, lots of attention has been de-
voted to the development of suitable organic charge transport materials in order to
improve the device performance. Good HTMs should have appropriate HOMO for
efficient electron blocking and hole collection, high hole mobility, stable thermal
and optical properties, along with the ability to be doped. A high conductive HTM,
reduces the series resistance and improves the fill factor of the cell. Metal oxide
semiconductors such as molybdenum oxide, tungsten oxide, and vanadium oxide
are commonly used p-type semiconductors for HTMs. The properties of the most

popular HTMs in the preparation of perovskite solar cells are discussed as follows.

Inorganic HTMs

Inorganic p-type semiconductors, such as cuprous iodide (Cul), cuprous bromide
(CuBr), cuprous thiocyanate (CuSCN) and nickel oxide (NiO) were first introduced
as the hole transporters for DSSCs which resulted in PCEs around 3 % [136]. How-
ever, such inorganic hole conductors suffer from the easy crystallization, poor solu-
bility and inadequate pore filling problems which are unfavourable for fabrication
of high performance perovskite solar cell. Nonetheless, they exhibit considerable
conductivity which increases the FF of the fabricated devices. However, there are a
number of easy processable inorganic semiconductor metal oxides which are often
used in the device fabrication process. These are Nickel oxide (NiO,), Vanadium
pentoxide (V,0s5), Molybdenum oxide (MoOj3) etc. We discuss here the properties

of some of the popular inorganic HTM:

Copper iodide (Cul): Copper iodide (Cul) is highly conductive and wide band-gap
(3.1 eV)semiconductor with a work function of -5.1 eV. It is a chemically stable,
low cost and solution processable inorganic hole conductor. Cul is p-type conduc-
tor and is compatible with the solution deposition methods with the organo-lead
halide perovskite. Impedance spectroscopy revealed that Cul exhibits two orders
of magnitude higher electrical conductivity than spiro-OMeTAD which allows for
significantly higher fill factors [137]]. Cul exhibits higher recombination and lower
Voe (0.6 V) compared to spiro-OMeTAD. The energy level of Cul is not favourably
matched with the perovskite crystals which resulted in low open circuit voltage in

the device.
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Copper thiocyanate (CuSCN)): Copper thiocyanate (CuSCN) is also a wide bandgap
(3.6 eV) semiconductor and has a work function of about -5.3 eV. The conductivity
ranges between 1072-1073S cm™!), good stability, shows good transparency through-
out the visible and near infrared spectrum. CuSCN has a high hole mobility of 0.01
cm?V~1s7! (in comparison with with 4 x 107> cm?V~!s7! for spiro-OMeTAD). It has
good chemical stability. It can be deposited through a solution processing approach
at low temperature, making it compatible with flexible substrates [138]]. By using
copper thiocyanate (CuSCN) instead of P3HT as the HTL, a higher device PCE was
achieved. The quality and hole transfer ability of CuSCN can be improved by pro-
ducing the HTM film using various deposition methods. Electro-deposited CuSCN
was used as the HTM for p-i-n perovskite solar cells and a 16.6 % PCE was obtained
[139]. However, compared to spiro-OMeTAD, CuSCN has a lower V¢ leading to a
lower PCE .

Nickel oxide (NiO,): NiOx is a cubic p-type semiconductor and usually hybrid with
Ni (II) or Ni (IV) oxide which exhibits wide energy band gap (3.5 - 4.0) eV range
which offers sufficient optical transparency in the visible spectral region that allow
solar radiation access to the active layer. It has high transmittance and deep work
function of about -5.3 eV. Zhu et al, obtained power conversion efficiency of 9.11
%, which is by far the highest reported for planar perovskite solar cells based on
an inorganic hole-extracting layer.[140]]. Figure 3.17 shows a typical example of the
role of various HTMs on the performance of the solar cell devices. The use of NiO
appeared to have significant influence in this particular investigation. However, the
addition of thin layer of meso-Al,O3 have contributed to stability of the device and

resulted a power conversion efficiency of over 11 % [141]].

Vanadium pentoxide (V,05): Vanadium pentoxide is a p-type material that can be
used for efficient hole-injection into materials with absorption band partly covering
the absorption band of PC;;BM, a narrow band-gap of 2.8 eV and work function
of 7.0 eV which provides a good Ohmic contact to the HOMO of organic materials
and has electron affinity of 9.5 eV. However, it is highly sensitive to the ambient
environment [143],[144]].

Molybdenum oxide (M0oOj3): Molybdenum oxide is a wide band gap p-type semi-
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Fig. 3.17: (a) The SEM cross sectional view of the perovskite film morpholgy (b) J-V characteristics

of the solar cells preppared with different hole transport materials [142].

conductor with energy band gap E, = 3 eV. The MoO; HTL reduces the charge
recombination by suppressing the exciton quenching as well as the resistance at
the photoactive layer/anode interface. It serves as an optical spacer for improving
light absorption, thereby enhancing the photocurrent. MoOj has the advantage of
precise thickness control in the nanoscale range of about 1-2 nm through vacuum-
deposition/thermal evaporation however, MoOj is highly sensitive to oxygen and
moisture; even the trace amounts of oxygen in the nitrogen filled glove box during
device fabrication are shown to have negative effects on its electronic levels, result-

ing in adverse consequences in the device stability.[134]
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Tungsten trioxide (WO3): WOj3 is a low-cost, nontoxic and volatile HTM with high
work function of (-4.8 eV) which greatly enhances the hole transport and collec-
tion at the WO3/electrode (anode) interface. It suppresses the contact resistance
remarkably and reduce series resistance[135]. The s-WO; layer shows a high hole
mobility of 9.4 x 1073cm?/V~* and high light transmittance. PSCs with the s-WO5
anode buffer layer show enhanced photovoltaic performance in comparison with the

devices with PEDOT:PSS as the anode buffer layer[136].

Organic HTMs

Spiro-MeOTAD: Spiro-OMeTAD is an excellent small molecule HTM. It has both
large solubility and does not require any post-annealing treatment. It is also
nonreactive to perovskite and is less volatile. The matched band gap with per-
ovskite, amorphous nature, good conductivity with dopants, and high melting
point of Spiro-OMeTAD make it one of the best HTMs in PSCs. Its suitable
affinity with the perovskite layer, associated with a favourable energy configu-
ration, also reduces charge recombination.Spiro-MeOTAD however, suffers from
low hole mobility of 10~#*¢m?V~!s7! which results in high interfacial recombi-
nation losses, and conductivity, owing to its pristine, unique structure. Spiro-
MeOTAD is expensive and needs extra treatments such as doping. Additives, such
as, Li-bis(trifluoromethanesulfonyl) imide(Li-TFSI), perfluoro-tetracyanoquino-
dimethane (F4TCNQ) and tris(2-(1H- pyrazol-1-yl) pyridine) cobalt(III) (FK102
Co(III)) are necessary to dope and improve conductivity of spiro-MeOTAD however,
the use of dopants/additives induces device instability, and the oxidized form of
the Spiro-OMeTAD acts as a filter around 520 nm owing to an increased absorption
in this region. Spiro-OMeTAD is smaller than P3HT, which leads to better pore
filling and sensitizer regeneration but the the low electrical conductivity and exten-
sive synthetic process for spiro-OMeTAD limits its use in large-scale operations and
Pristine Spiro-OMeTAD is essentially a poorly conducting insulator, causing devices
to suffer from high series resistance(Rgs) owing to poor hole transport through the
device[145].

However,currently, spiro-OMeTAD is the best solid-state hole transporting material
used in most high-efficiency hybrid perovskite solar cells due its ionisation potential

which well matched to a number of active solar absorbers like perovskite, sensitizer
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or the electron-transport layers. It has smaller molecular size which leads to bet-
ter pore filling and sensitizer regeneration leading to the highest value reported to
date for perovskite-based solar cells with spiro-OMeTAD as hole transport material
(See Fig. 3.20). Poly(3-hexylthiophene-2,5-diyl)(P3HT): Poly (3-hexylthiophene-
2, 5-diyl) (P3HT), has also been reported to be cost-effective and has high mobility
compared to spiro-OMeTAD in solar cells. Figure 18 below a shows the J-V curve

of spiro-OMeTAD, P3HT MEH-PPV and based devices [122, [146]. Spiro-OMeTAD
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Fig. 3.18: J-V curves of spiro-MeOTAD-based (black curve) and P3HT based devices (blue curve)

devices[4].

requires an additive, like 4-tert-butylpyridine (TBP) or bis(trifluoromethane) sul-
fonimidelithiumsalt (Li-TFSI),to improve the conductivity but these additives break-

down the perovskite layer, reducing the stability of the device [147[148].

Poly[bis(4-phenyl)(2,4,6- trimethylphenyl)amine](PTAA): poly[bis(4-phenyl)
(2,4,6-trimethylphenyl) amine](PTAA) has favourable hole mobility and suitable
HOMO level required of a perovskite interlayer. A certified PCE of 16.2 % has been
achieved by using PTAA as the HTM via a solvent engineering method. PTAA as
the HTL, incorporation of MAPbBr; into FAPbI; stabilizes the perovskite phase of
FAPbI; and improves the open-circuit voltage (V) fill factor (FF) and the power
conversion efficiency of the solar cell to more than 18 % [139,[149].

4-Diethylamino)benzaldehyde diphenylhydrazone(DEH): The size of DEH is
smaller than that of spiro-OMeTAD, and therefore has better pore filling ability .
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UV/Vis spectra show that P3HT absorbs light in the visible region, whereas DEH
and spiro-OMeTAD do not [150].
The active layer PSC device is composed of a blend film of conjugated poly-
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Fig. 3.19: Examples of most commonly used HTL (a) Spiro-OMeTAD (b) PTAA and (c) DEH (d)
PCPDTBT (e) PCDTBT

mer (as electron donor) and a small molecular acceptor.[I51]. Jeon et al, used a
mixed solvent of GBL and DMSO followed by toluene drop-casting which led to ex-
tremely uniform and dense perovskite layers via a CH;NH3IPbIl,-DMSO intermedi-
ate phase, and enables the fabrication of improved solar cells with a certified power-
conversion efficiency of 16.2 % and no hysteresis. The three most common HTLs,
which have yielded the highest efficiency results, are 2,2,-7,7-tetrakis-(N,N di-p-
methoxyphenylamine)-9,9-spirobifluorene(Spiro-OMeTAD), poly(3-hexyl-thiophene),
(P3HT), and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine],(PTAA) (Fig. 3.18
and Fig. 19)[152].

3.6.2 Electron transport materials (ETMs)

Titanium oxide (TiO,) and zinc oxide (ZnO) are the most frequently used inorganic

electron transport materials (ETMs) in conjunction with HTMs such as Cul, CuSCN
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and NiO in the preparation of organic-inorganic hybrid perovskite solar cells. Tran-
sition metal oxides like molybdenum trioxide (MoQOj3), tungsten trioxide (WO3),
nickel oxide or vanadium pentoxide (V,05) can also effectively replace the water
soluble organic HTMs known as PEDOT:PSS. Moreover, these metal oxide materials
are not vulnerable to the acidity of CH3NH;3I. Fig. 16 shows the energy levels of
the most common electron transport materials in the preparation perovskite based
solar cells[153]]. Brief review of the frequently used ETMs are thus, given below:
Titanium oxide (TiO,): it is a large band gap semiconductor with a band gap of 3.02
eV and 3.20 eV for rutile phase and anatase phases respectively. The conduction
band edge lying at 4.1 eV slightly lower than that of CH;N H3PbI; (Fig 16) which is
ensuring direct electron injection from perovskite absorber to ETM. It is also a very
good hole blocking layer due to its low lying valence band edge [154]. TiO, can be
produced as mesoporous films or rod and tube-shaped nanostructures. Currently,
TiO, ETLs have been used in most commonly reported PSCs due to its suitable
energy level, good optical transparency, relatively high electron mobility and envi-
ronmental stability. The ease of TiO, film preparation, long electron lifetimes and
favourable electron injection rates from the perovskite absorber to TiO, makes it an
ideal ETMs for thin film solar cells. Unfortunately, perovskite solar cells based on
TiO, interlayer usually displays lower performance due to poor conductivity of the
film and light soaking problems.

Zinc oxide (ZnO): High electron mobility, high thermal conductivity, wide and
direct band gap and large exciton binding energy make ZnO suitable for a wide
range of devices. ZnO is low cost material, with 4.2 eV of conduction band min-
imal (CBM), 3.3 eV of direct band gap and 60 meV of exciton binding energy at
room temperature. It is easily synthesized, non-toxic with relatively high electron
mobility, environmental stability, and high transparency, and unique optoelectronic
properties. Due to its large band gap energy, the ionization potential of ZnO is
large enough to make it act as a hole blocker and thus increases the shunt resis-
tance of a PV solar cell. Optically, ZnO absorbs in the UV part of the spectrum
and therefore it functions as a low-pass filter for PC,;BM. It also has a low work
function of ~ 4.30eV, which offers a suitable energy level to reduce work function of
ITO or metal electrodes, and to match with LUMO levels of various fullerene-based
acceptors such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), PC;;BM,
and indene-Cg( bis-adduct (ICBA). ZnO has better electron mobility than TiO,
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and ZnO nanorods and nanoparticles have both been used often in the PSCs as
ETLs yielding higher PCEs. The conductivity of ZnO is several orders of magnitude
higher than that of TiO, hence loss through recombination will be minimized due to
higher electron mobility. Also, high temperature sintering process is not needed for
the fabrication of ZnO however, ZnO based devices suffer from serious interfacial
recombination, which can be attributed to defect-induced recombination at the in-

terface between metal oxide and active layer and also from chemical instability[155].

Tin oxide (SnO,) SnO, has a wide band-gap, high transparency and higher intrin-
sic electron mobility compared to other n-type oxides, which offers it an advantages
of being an efficient carrier transport material. However, SnO, based devices are
affected by serious hysteresis behaviour.

In conventional structure (n-i-p), the most common ETM and HTM materials re-
ported in the literature are TiO, and 2,2-,7,7-tetrakis-(N,Ni-p-methoxyphenylamine)-
9,9-spirobifluorene (spiro-OMeTAD), respectively while, mesostructured TiO, or
Al,Oj3 planar electrodes have been widely used in these cells as a hole blocking
electrodes (ETL). Currently, there has not been much investigation into the im-
provement of the electron transport material (ETM) in perovskite solar cells and
TiO, is currently the most useful ETM in high performing cells. TiO, degradation
under UV irradiation and the high temperature needed for the sintering process
makes it unsuitable for low-cost production and for the fabrication of flexible sub-
strates. However the HTL-free perovskite solar cell is more stable than the device

using PEDOT: PSS.

3.7 The effect of solvent additives

Solvent additives have been used in the preparation of organic photovoltaic device
processing to optimize the active layer film morphology which impacted positively
on the performance of the devices. The use of solvent additives have become a com-
mon practice in recent years to improve the crystallinity of the photoactive medium.
Integration of small amounts of solvent additives in perovskite precursor solutions
have been reported to improve crystallinity, film uniformity and the resulting de-

vice performance[156] (Table 3.4). Before addressing the issue of solvent additives
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Fig. 3.20: Best ETM and HTM used in the preparation of high performance perovskite solar cell.

it is noteworthy to discuss the role of host solvents themselves. The most com-
mon types of host solvent in the preparation lead halides and MAI solutions are
DMF, DMSO, GBL, and N -methyl-2-pyrrolidone (NMP). The organic solvents such
as chlorobenzene, benzene, xylene, toluene, 2-propanol and chloroform are poor
solvents to make a solutions from lead halides and MAI compounds but they suited
best for organic conducting polymers and buffer layer materials. Perovskite films
casted using DMF solvent are reported to cause pinholes and voids at the surface of
the film as well as in the bulk of the active layer due to the formation of intermediate
compounds, such as MAPbI;:DMSO, MAPbI;:DMF or MAPbI5;:H,O. The perovskite
film produced using DMF with a boiling point of 153°C do not allow an easy control
over the crystal structure of the film. However, DMSO or GBL with higher boiling



3. Perovskites photovoltaic solar cells: overview of current status 59
Tab. 3.5: Table of Additives and power conversion efficiencies
Perovskite deposition Additive PCE% PCE% Jsc Voc Year Ref
method without with mA/cm?  volts

1 CH3NH;3Pblj two-step solution acetonitrile (ACN) - 19.68 22.69 1.15 2016  [160]
2 CH3NH3PbI3 Spin-coating polyacrylonitrile (PAN) 3.67 9.74 15.97 1.05 2016 [L61]
3 HC(NH;),Pbls One-step solution 1-chloronaphthalene (CN) 14.33 16.53 23.84 1.04 2016 [162]
4 CH3NH3PbI3 two-step solution NaCl 11.4 12.77 17.59 0.96 2016 [159]
4a CH3NH3Pbl3 two-step solution KCl 11.4 15.08 19.42 1.04 2016 [159]
4b CH3NH3PbI3 two-step solution LiCl 11.4 9.98 15.97 0.90 2016 [159]
5 CH3NH3Pbl3 One-step solution phosphonic acid ammonium 8.8 16.7 15.6 0.86 2015 [163]
6 CH3NH3PbI3 Two-step spin-coating 4-tert-Butylpyridine (TBP) 6.71 10.62 17.12 0.92 2015 [164]
6  CH3NH3PbI3_,Cly  One-step spin-coating 4-tert-Butylpyridine (TBP) 11.11 15.01 22.47 0.82 2015 [1e4]
7 CH3NH3PbI3_,Cl, spin-coating ethylammonium iodide (EAI) 9.4 10.2 16.8 0.86 2015 [165]
8 CH3NH3Pbl3 pyrolysis/spin-coating Li-TFSI/t-BP 5.7 13.7 20.1 0.92 2014 [1e6]
9 CH3NH;Pbl3 spin-coating PbCl, 10.58 14.42 20.7 1.04 2015 [167]
10 CH3NH3Pbl3 spin-coating tBP /Li-TFSI /cobalt complex 7.2 15 0.95 0.97 2015 [168]
11  CH3NH3PbI3_,Cly spin-coating water 12.13 16.06 20.78 0.95 2015  [169]
12 CH3NH;Pbl;_,Cl, spin-coating Li-TFSI), D-TBP 5.1 9.7 21.8 0.86 2015 [170]
13 CH3NH;3PbI3 spin-coating Agl 9.5 12 20.02 0.83 2017 [171]
14 CH3NH;3Pbl3 simple solution based PbCl, 16.5 18.1-19 23.7 1.05 2017  [172]
15 CH3NH;Pbl;_Cly spin-coating HI 7.7 11.9 12.8 073 2017 [I73]
15  CH3NH;Pbl;_,Cly Spray cast HI 6.1 10 19.3 0.91 2017 [1Z3]
16 CH3NH;3PbI3 two-step solution water 7.3 20.1 23.51 1.03 2017 [174]
17 CH3NH3Pbl3 spin-coating tBP 16.2 17.3 22.51 1.04 2017  [175]
18 CH3NH3PbI3 spin-coating NMP solvent 8.9 12.3 18.1 0.88 2017  [176]
19 CH3NH3Pbl3 screen printing GuCl 9.1 14.35 19.31 1.02 2017  [177]
20 CH3NH3PbI;_,Cly spin-coating PbCl, 9.3 14 21.8 0.99 2016  [178]
21  CH3NH3PbI3_,Cl, spin-coating polyethylenimine (PEI) 11.17 14.07 22.63 0.97 2016 [179]
22 CH3NH;3PbI3 spin-coating DMAC and NMP 13.61 15.25 23.54 1.03 2016  [180]
23 CH3NH;3Pbl3 spin-coating polyethylenimine (PEI) 5.9 10.4 14.34 0.96 2016  [181]
24 (Pb(Ac)7) spin-coating methylammonium bromide 12.05 17.6 20.7 1.00 2016  [182]
25 CH3NH;3Pbl3 one-step solution Pb(SCN), 14.26 18.32 22.34 1.00 2016  [183]
26 CH3NH;3PbI3 - Polyvinyl alcohol (PVA) 15.6 17.4 22.76 1.02 2017  [184]
27 CH3NH;3Pbl3 Two-step interdiffusion as Nal or NaBr 13.6 14.2 19.2 0.96 2016  [185]
28  CH3NH3PbI;_,Cly spin-coating 1,8-diiodooctane (DIO) 11.09 12.73 18.79 0.98 2015  [158]
29 CH3NH;Pbl spin-coating TBAI; 11.18 14.85 23.52 1.07 2016 [I86)
30 CH3NH3PbI;_,Cly spin-coating Nal 6.8 12.6 22.4 0.92 2016  [187]
31 CH3NH;3Pbl3 one-step spin coating CH3NH3 11.13 13.37 18.58 1.046 2015 [188]

point solvents are usually able to create more uniform crystal domains and smoother
film surfaces due to slow solvent evaporation from the film allowed sufficient time
for subsequent reaction of Pbl, with MAI to create crystalline perovskite. DMSO has
also been reported to work well in a two-step processing method for the formation
of improved morphology and crystallinity of the perovskite films. MAPbI; films
in which the initial Pbl, layer was deposited from DMSO rather than DMF were
found to be comparatively smoother and contained more uniform sized grains with
reduced Pbl, residue than those prepared using DMF. The following paragraphs
discuss the nature and effect of most common solvent additivee in preparation of

perovskite film.

1-chloronaphthalene(CN): Song et al, reported through UV-vis absorption spectra
measurement that the absorbance of the CH3;N H3Pbl5_,Cl, film with CN additive is
significantly higher than the pristine film and the absorption peak is red shifted by
30 nm, indicating the perovskite film with additive possess better crystal structures
while SEM images of the films with additive showed the films were more smooth

and homogenous with fewer pin-holes and voids as well as better surface coverage
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than the pristine films[157]]

bis (trifluoromethane)sulfonimidelithiumsalt(Li-TFSI): Spiro-MeOTAD alone in
HTM is inadequate for attaining high PCEs because of it’s low conductivity and
other problems. Lithium or cobalt salts are often used for p-doping to increase it’s
hole concentration. Li-TFSI is normally used as a p-dopant to enhance the conduc-
tivity and hole mobility of the Spiro-OMeTAD for perovskite solar cells.Perovskite
solar cells fabricated with spiro(TFSI), showed improved operating stability in an

inert atmosphere [157].

4-tert-butylpyridine(TBP): 4-tert-butylpyridine (TBP) is usually added into HTM
to suppress charge recombination. It is also used to oxidize spiro-OMETAD. How-

ever, the oxidation process may have a negative effect on the stability of PSC.

Additives like LiTFSI and TBP functioned as p-dopant and morphology controller
for the HTL. Y. Guo et al, reported that Li-TFSI and D-TBP could improve the short-
circuit current density (J;.) and open-circuit voltage (Voc), respectively [136] They
also improve the uniformity and conductivity of the HTL. The solvent for the inor-
ganic HTM may also partly dissolve the perovskite, which may influence the stabil-
ity of the cell. A typical example of the effect of additive solvent on the performance
of perovskite solar cell has been demonstrated using DIO which enhances signifi-
cantly, the device performance (Fig. 3.22) [158]).

A detailed account of the effect of various additives and deposition methods on the

overall performance of PSCs is given in Table 4.4.
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Efficiency (EQE) of the film with and with out DIO [159].

3.8 Conclusion

This review article provides a detailed account on the current status of perovskites
based solar cells research and the progress made so far. It discusses on the exist-
ing new approaches in the synthesis of the perovskite and various methods of de-
vice preparations together with the changes observed in device performances. The
review also highlighted the challenges facing the perovskite research as a solar ab-
sorbers to create better understanding that would assist in shaping new approches.
Organolead halide perovskite has attracted tremendous attention in recent years to
serve as a solar absorber in the fabrication of thin film solar cells. Despite the rapid

progress in attaining high power conversion efficiency in perovskite based solar cells
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there are still numerous challenges in device stability, reproducibility of device fab-
rication, environmental friendliness, mass production of the devices amongst others
[191},[192]]. Perovskites solar absorbers suffer from intrinsic instability that resulted
in fast degradation when exposed to water, oxygen, UV-light irradiation and high
temperatures. It is a critical importance to protect the perovskite film from de-
grading agents to prolong its life time and make it feasible for large scale device
fabrication. Capping the environmentally unstable perovskite film with ultra-thin
layer of Al,O3; has brought some success in increasing the life time of the devices.
However, alternative charge transport layers and electrodes, interface engineering
and encapsulation technologies need to be sought to address the problem. lodide
perovskite (CH3NH;3Pbl3) and bromide perovskite (CH3;NH3;PbBr3) are found to be
the best photons harvesting medium in perovskite solar cells due to their high ex-
tinction coefficient and very good incident-photon-to-current conversion efficiency
(IPCE). The energy bandgap of CH3;NH;Pbl; is 1.55 eV which is close to the opti-
mum bandgap (1.5 eV) for high PV performance [152]. Mixed halide perovskite such
as CH3NH3Pbl;_,Cl, are the most successful photoactive medium in the prepara-
tion of solar cells. Mixed halide offers the possibility to fine tune the energy band
gap of the solar absorber as well as to improve the stability of the film. In addition
to the standard MAPDI; perovskite composition, researchers should seek interest in
perovskites based on HC(NH;), (or FA) or the mixture of FA and MAI. The use of
solvent additives in the preparation of perovskite solar absorber received the neces-
sary attention in order to bring about changes in device performances. The quality
of the perovskite film is determined by its morphology and crystallinity which are a
crucial factors in obtaining a high PCE. Additives integration in the perovskite so-
lution process does not only improve the film morphology and crystallinity in terms
surface coverage and roughness but also tune the optical and electrical properties of
the perovskite photoactive layer. This results in lowering trap states and defect den-
sity in the perovskite film that would contribute to a longer carrier lifetime. Good
crystallization and higher surface coverage increases the charge transport and in-
hibit charge recombination. A number of additives, such NH4Cl, 1, 8-diiodooctane,
1-chloronaphthalene, polyvinylpyrrolidone, hydroiodic acid (HI) and hydrochloric
acid have been reported to enhance charge carrier extraction at the interfaces be-
tween the perovskite and charge collection layers through high carrier mobility, im-

proved light absorption, high charge generation and collection [164, [191]]. Another
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critical aspect of PSC research is the choice of suitable interfacial layers. Researchers
have reported several results on the selection of various interfacial layers, but, there
is often discripancies in the reported values of PCE because of the device repro-
ducibility problem. In general, both organic and inorganic materials have been used
as interfacial buffer layers to facilitate the collection of charges from the photoactive
medium to the corresponding electrodes. Among others, spiro-OMeTAD is the most
successful HTM in the preparation of perovskite based solar cell. However, the high
cost of the chemical and uncontrollable doping by O, calls for alternative materials
as HTM [114,[146]. In general, there is a need to put concerted efforts towards alle-
viating environmental stability problem in the formation perovskite to achieve cost
effective and flexible solar cells in the energy market. Therefore, device engineer-
ing and material development must be tailored towards roll-to-roll compatibility

without sacrificing the device performance and stability.
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ARTICLE INFO ABSTRACT

Environmentally stable and uniform silver:zinc bimetallic nano-composites (BNCs) was synthesized by co-reduc-
tion of silver:zine ions from silver and zinc nitrates. The synthesized nano-composites were employed at the var-
ious layers of the device structure in the preparation of thin film peroveskite solar cell. Experimental evidences
suggest that the nano-composite exhibited core-shell type structure which has impertant implication for surface
plasmon resonance (SPR) absorption. It was found that enhanced photo-currents have been measured from so-
lar cells by employing the Ag:Zn nano-particles as electron transport co-buffer layer. These resulted in improved
power conversion efficiency and short current density by 26% and 53%, respectively. The information gathered
from the optical measurements of the nano-particles suggest that significant quenches in photoluminescence(PL)
intensity was measured from Ag:Zn composite compared to monometallic Ag and Zn nano-particles which is at-
tributed to enhanced carrier density in bimetallic phases. Scanming and tunnelling electron spectroscopes (SEM
and TEM) were employed to investigate morphology, crystallinity and elemental composition of the nano-parti-
cles.

4,1 Introduction

Despite achieving significant progress in power conversion efficiecy (PCE) of perovskite-
based solar cells, within a short period of time, the poor reproducibility, instability
in ambient environment and the toxicicty of lead remain major challenges for mass
production. However, several progresses in the material design and various device
architectures have contributed for the success of perovskite solar cell. Recently,
metal nanocomposite materials have attracted a lot research attention because of

their potential to enhance optical and electrical properties of perovskite thin films.
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The composites possess exciting electronic, optical, catalytic or photocatalytic prop-
erties which are partly inherited from parent atoms [1H4]]. Different metal nanopar-
ticles, however, have a distinct influence on the formation of perovskite thin film
due to their unique chemical and physical characteristics[5-7]]. The metal nanocom-
posites exhibited surface plasmon resonance(SPR) absorption when dispersed in
solar absorber thin film. The surface plasmon resonances are caused by collective
oscillations of conduction electrons on the surface of nanocomposite excited by
an electromagnetic fields of the incident wave[8], [9]. The specific oscillations de-
pend on the particles’ size and shape which resulted in different absorption and
emission wavelenths. Because of such attractive features of plasmonic resonance
phonomenon, metallic nanoparticles (NPs) can be incorporated either in the buffer
layers or the active layers of organic photovoltaic (OPV) cells devices to assist in

optical absorption and charge transport processes[10].

Furthermore, the metal-nanocompoisite can serve as efficient nucleation sites to en-
hance the formation of perovskite crystal structures and assists to achieve large crys-
tal size. Electron exhibits shorter diffusion length in perovskite medium compared
to that of the holes, hence, a mesoporous electron transport layer (ETL) is usually
used to efficiently extract and transport electrons for high device performance [12].
A metal nanoparticles can have a similar influence on the charge transport proper-
ties of OPV which can be produced in different sizes and shapes. Metal nanoparti-
cles can have spherical, tubular, or irregular shapes and can exist in fused, aggre-
gated or agglomerated forms. Compared to other metal nanoparticles silver plas-
monic resonance can be tuned to any wavelength in the visible spectrum and ex-
hibits one of the highest efficiency of plasmon excitation. A single Ag nanoparticle
can interact with light more effectively than any other metal nanoparticle with the
same dimension comprised of either organic or inorganic chromophore [13]]. More-
over, silver nanoparticles absorb much more light than is physically incident on
them since its light-interaction cross-section is almost ten times more than that of

the geometric cross-section[13} [14].
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4.2 Materials and Methods

4.2.1 Synthesis of Ag:Zn Nanocomposite

The chemicals used in the synthesis of Ag:Zn nano-composite were obtained com-
mercially and are used without further processing. Zinc nitrate hexahydrate (Zn
(NO3),.6H,0, purity 99.98%), silver nitrate( AgNO3, 99.5%), Sodium borohydride
(NaBHy), 99.98% ), chloroform, Dimethylformamide (DMF) and Isopropyl alcohol
(CH3CHOHCHj3;) were received from Sigma Aldrich. In general, Ag:Zn bimetallic
nanoparticles were prepared by simultaneous reduction of two metal ions where a
solution of NaBH, was poured into the stirring mixture of zinc nitrate and silver
nitrate solutions. The aqueous solution of Zinc nitrate (20 mM ), silver nitrate (40
mM ) and Sodium borohydride (0.1M) were separately prepared by dissolving in
deionized water and stirred for one hour at room temperature. A 20 mL solution of
Zn(NOj3),.6H,0) and 50 mL of NaBH, were then simultaneously poured drop wise
into 20 mL of AgNOj; solution under continuous stirring for 20 minutes at room
temperature. Excess of sodium borohydride was used both to reduce the Ag:Zn ions
and stabilize the formed BNPs. The resulting mixture was then filtered, washed
several times with deionized water and finally the precipitate left to dry at room
temperature. The chemicals used for solar cell fabrication were also obtained from
Ossila Ltd these are; Phenyl-C61-butyric acid methyl ester (PCBM), Lead iodide
(Pbl,), Methylammonium iodide (MAI 98%) and Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT: PSS).

4.2.2 Device fabrication

All the experiments were performed in ambient condition at a humidity level of
about 28% and room temperature. The devices were fabricated on indium tin oxide
(ITO) coated glass substrate with dimensions of 30 mmx30 mm. The ITO substrate
was partially etched with acid solution then ultrasonically cleaned successively in
detergents, deionized water, acetone, and isopropyl alcohol for 15 min, respectively.
The substrates were then annealed at 120°C for 30 minutes. The precursor solutions
were prepared separately where CH3;NH;3I was dissolved in 1 mL of 2-isopropanol
and the lead iodide (0.5 M Pbl,) solution was prepared in 0.5 mL DMF solvent at

a concentration of 20 mg/mL, respectively. The solutions were placed under con-
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stant magnetic stirring overnight at 60°C. The solar cell fabrication begins by spin
coating PEDOT:PSS on dried ITO coated glass substrate at 3500 rpm and then an-
nealed at 150°C. It is followed by Pbl, and MAI at 2000 rpm respectively and an-
nealed at 90°C for 5 minutes in nitrogen atmosphere. A thin layer of PCBM was spin
coated at 1200 rpm for 40 s on the top perovskite and annealed at 90°C for 5 min-
utes. The samples are then transferred to vacuum deposition unit where a thin layer
(0.5 nm) of Ag:Zn bimetallic nanoparticle was deposited on top of PCBM followed
by 60 nm aluminium electrode at a base pressure of 10~® mbar. The device struc-

ture composed of various layers of materials is provided in Fig. 1. The fabricated
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Fig. 4.1: Tllustration of device structure of Psc

devices attains inverted planar-heterojunction solar cells with device architecture
ITO/PEDOT: PSS/Perovskite/PCBM/Zn:Ag/Al. The current density-voltage char-
acteristics of the devices were measured using a Keithley 2420 source meter under a
simulated AM 1.5G solar irradiation at 100 mW/cm?. Photoluminescence(PL) and
UV-vis spectra were measured with Rayleigh 1601 UV-vis spectrometer for optical
characteristics. Zeiss high resolution scanning and tunnelling electron microscopy
(HRSEM and HRTEM) as well as X-ray diffraction (XRD) analysis were used to study

the perovskite morphologies and details of the synthesized nano-particles.
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4.3 Results and Discussion

4.3.1 J-V Characteristics

Perovskite based solar cells were fabricated in planar and inverted structure using
bi-metallic nano-composite co-buffer layer. Devices with architecture of ITO/PEDOT:PSS/pero
with and without the addition of Ag:Zn NPs on top of PCBM were fabricated. Fig-
ures 2 displays the (J-V) curves of four OPV devies fabricated as pristine perovskite
and the best three with the inclusion of Ag:Zn. A notable increase in the short-
circuit current density (Jsc) was observed from the devices that employed Ag:Zn
buffer layer which resulted in enhancement in PCE, compared to the pristine device.
However, significant lose in the device fill factor(FF) and open circuit voltage(Vpc)

were recorded (see Fig 2 and tables II).

Tab. 4.1: Photovoltaic parameters of reference solar cells

Device VOC ISC ]SC FF PCE
\Y% X 107 Amp mA/cm? % %
Diode 2 0.82 3.65 12.17 45.34 4.52
Diode 3 0.81 2.92 9.74 42.05 3.34
Diode 4 0.84 3.01 10.05 36.68 3.08
Diode 5 0.88 3.14 10.48 47.49 4.36

This could be attributed to the presence of Ag or Zn NPs that have acted as recom-
bination centres or facilitate leakage currents [9]. A high energy difference between
HOMO and LUMO is required to obtain a high V,. while narrow bandgap is needed
to maximize optical absorption. The slight decrease in V,. could also be due to
decrease on the energy difference between HOMO and LUMO of the photoactive
medium brought about by Ag:Zn nanoparticles [15, [16]. According to the informa-
tion provided in Tables I and II the values of Js- was increased by almost a factor

of two from each device fabricated with incorporation of Zn:Ag NPs co-buffer layer

Tab. 4.2: Solar cell parameters calculated from J-V curves measured by forward scanning.

Device VOC ISC ]SC FF PCE
\Y% X 107 Amp mA/cm? % %
Diode 3 0.55 9.7 21.63 39.52 4.71
Diode 4 0.54 11.8 25.72 40.62 5.64
Diode 5 0.62 10.2 22.65 38.64 5.41

Diode 6 0.59 10.3 22.99 42.09 5.70
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Fig. 4.2: J-V characteristic of perovskite based solar cells fabricated (a) with out metal nano-

composite (b)with bimetallic nano-composite.

compared to those of reference cell. The range of the magnitude of the photocurrent
from reference cell was 9.7—12.2 mAcm~2 while it was 18.9—-25.7 mAcm~? for those
devices fabricated with Ag:Zn NPs. This is a clear indication of improved charge
collection mechanisms together with enhanced absorption of the incident photons.
As a consequence, there was an increase in PCE from 4.52% to 5.70% (26%). The
increase in absorption band in the visible region was observed due to the influence
from the local surface plasmon resonance (LSPR) absorption of Ag:Zn BNPs. Inte-
gration of silver:zinc bimetallic nanoparticles in perovskite fabrication as ETL led to
the improvement in optical absorption both under UV and visible region indicated
by red shift. Lu et al. reported that integration of mixed types of NPs improved

PCE as a result LSPR-induced local field enhancement aiding charge separation and
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transport, consequently increased charge carrier density and lifetime. BNPs display
better optical absorption compared to single nanoparticles due to double resonance

enhancement of two different nanoparticles [12, [16].

It shows incorporation of Ag:Zn BNPs between ETL and Al improves the average
short-circuit current density by enhancing the charge separation and the trapping

of electrons into the ETL layer at the PCBM/Al interface[15].

4.3.2 Charge Transport Properties Analysis

The space-charge-limited current (SCLC) measured from the newly produced solar
cell were used in the investigations of the charge transport process in the devices.
The SCLCs have been taken from the current measured under dark condition. As-
suming ohmic contact and trap free transport the J-V characteristics of the devices

can be represented by the Mott—-Gurney equation

9 (V= Vy)? V-V
Jscre = géréobo— 3 ~—exp( -1 °) (4.1)
which may be expressed as
9 v?
J=geréol 3 (4.2)

where ¢, is the relative permittivity of the medium, ¢, is the permittivity of the vac-
uum, pg is the mobility, V and Vj,; are the applied and inbuilt voltages respectively

and L is the thickness of the perovskite active layer.

Vin=V =Vpi = Vs, (4-3)

Where, V is the applied voltage, V;; is the built-in voltage and Vj, is the voltage
dropped due to the series resistance. Mott—Gurney equation ignores the effect of
diffusion, assumes current to be due to carriers of one polarity only and further as-
sumes mobility independent of the field. The current density J vs V plots, illustrate
three regions, the ohmic region where current increases linearly with the voltage
at very low voltages, injection region where current increases exponentially with
voltage and the SCLC region at higher voltages[18H23]]. The mobility is a key pa-

rameter for perovskite solar cell materials since it affects the charge extraction and
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Tab. 4.3: Charge transport parameter for the best four fabricated devices

NI

Device  pg/cm?V=1S7t y/(emV 1)

reference  4.598x107% -2.1x107%
1 6.486x1073 -9.2x107%
2 1.842x1074 -5.1x107%
3 1.761x107% -1.6x107%
4 1.528x1074 -1.4x107%

recombination dynamics. Efficient determination of the electron and hole mobili-
ties in perovskites is crucial. Efficient charge transport entails that the charges be
able to travel from molecule to molecule but not be trapped or scattered. Therefore,
charge carrier mobilities is influenced by many factors such as temperature, disor-
der, presence of impurities, electric field, molecular packing, charge-carrier density,
size/molecular weight, and pressure. Charge mobilities can be determined exper-
imentally by various methods which include Time-of-Flight (TOF), Space Charge
Limited Current (SCLC), Charge Extraction by Linearly Increasing Voltage (CELIV)
and Photo-CELIV Measurement etc[24]. The SCLC data taken from the dark cur-
rents were analysed in this investigation to determine the charge mobility. It was
found that Ag:Zn NPs-doped device contains higher dark current density and mo-
bilities compared to the reference (undoped) device (see Fig. 3 and Table III). Figure
5 illustrate best fit curves determined through SCLC method while Table 3 is ex-

tracted from Figure 3.
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Fig. 4.3: Space charge limited current for the best 5 fabricated devices.
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4.3.3 Photoluminescence Study

Figure 4.4 presents the photoluminescence spectra from both the silver and zinc
nanoparticles. The observations show that both Silver and Zinc nanoparticles are
found to enhance the luminescence of the UV band [25]. This is due to the increased
number of excitons created and confirms that presence of the nanoparticles seems to
quench the process of recombination. It is apparent that the perovskite film doped
with Ag:Zn NPs on top of PCBM shows strong PL quenching compared to mono-
metallic powders suggesting that the Ag:Zn NPs doping effectively enhanced the
rate of carrier extraction at the ETL/perovskite interface. The PL results further
support our findings from the (J-V) curves, that upon the addition of Ag:Zn NPs in
the ETL, the Js¢ was significantly enhanced due better hole extraction [17]]. A rise
in electron density of the particles results in a blue shift of SPR because the position
and width of the SPR band which depends on the density of free electrons in the
silver nanoparticles[26]. The synthesized Ag:Zn NPs are produced at different sized
nanoparticles and clusters which can alter their surface energy bands due to inter-
actions between the nanoparticles themselves. These results in the shift of energy
band caused by spectral changes due to hybridization on the surface that leads to
the formation of new surface energy bands. Absorption, rescattering and increase in

grain size contribute to red shift of the maximum absorption wavelength[27, 28]
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Fig. 4.4: Photoluminescence spectra of synthesized Zn, Ag and Ag:Zn BNCs.

4.3.4 Optical Properties

The intensity of the absorption signal ranges between 400 and 900nm. Figure 4.5
shows the UV-vis absorption for both reference and device with Ag:Zn BNps in-
dicating red shift in the whole range (a) more absorption and a bump appears on

between 725-775nm then it start to decrease linearly up to visible region.
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Fig. 4.5: U-V Absorbance of MAI, Pbl, and PbMAI; solutions.

The increase in absorption band in the visible region was observed due to the in-
fluence from the surface plasmon resonance (SPR) absorption of Ag:Zn BNPs[25].
At resonance frequency, photon absorption and scattering were relatively enhanced
since silver nanoparticles are efficient at absorbing and scattering light. When the
frequency of incident light equals the natural frequency of free electrons oscillat-
ing against the restoring force of positive nuclei, the oscillation amplitude reaches
a maximum. Maximum wavelength is therefore absorbed at resonant wavelength
and resonant peak occurs at different wavelength for different metallic nanoparti-
cles. Asitisseenin figure 4.5, SPR wavelength between 400-500 nm which confirms
the presence of silver nanoparticles in the fabricated device. In the UV region, the
main absorption peaks of the Zn nanoparticles occurs between 370-380nm clearly
observed that the absorption peaks showed a red shift which is in agreement with

literatures and attributed to the size of the particles [26H35] (see Fig. 4.6). The band
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T (%)

gap was calculated by the Tauc’s plot method(figure 4.6(inset)).
(ahv)® = A(hv - E,) (4.4)

Where: A is a constant, E, is the optical bandgap, h is Plank’s constant, and « is the
absorption coefficient. The plot of (ahv)? versus hv for Ag:Zn nanoparticles is shown
in Fig.7(inset). The optical bandgap of Ag:Zn nanoparticle was estimated through
extrapolation of the linear portion of the (ahv)? versus hv plots.It was found to be

approximately 1.677eV (figure 4.6(inset).
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Fig. 4.6: Ag:Zn BNps Absorbance, transmittance and optical bandgap (inset).

4.3.5 Morphology
(SEM and TEM)

Figure 4.7 (a) and (b) show the microscopic structures of the synthesized metal
nanoparticles in powder form. The SEM images contain various particle structures

associated with Ag:Zn BNps. The SEM micrographs consisted of uniform, spherical
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core-shell Ag:Zn BNPs which are distinctly visible from each other consistent with

that observed from the TEM images.
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Fig. 4.7: SEM images of Ag:Zn NPs (a)and (b)TEM micrographs of Ag:Zn BNps (c)and (d).

The results further indicated that the Zn NPs consist of fine tiny spherical and flower
like shape nanoparticles. It is evident from the images that Ag NPs are non uniform
dispersal clusters of spherical beadlike structure. The Ag:Zn NPs on the other hand
seem to be slightly agglomerated. Furthermore, the TEM images provided in Fig.
7(c & d) have confirmed the formation of core-shell type structure. The average
diameter of the nanoparticles was found approximately to be between (16 -27) nm
(see table IV). TEM image also shows that the produced nanoparticles are more or
less uniform in size and shape. High-resolution TEM images given in (Figure.7(d))
showed some form of regular pattern associated with their formation. The sizes of
crystallites were in agreement with the calculated crystallite size as determined by
the Scherer’s equation discussed in section D and F. Energy dispersive X-ray spectra
(EDX) measurements were carried out for device to detect the distribution of PCBM

/Ag:Zn BNPs in perovskite film. The EDX spectrum confirms the presence of silver
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(Ag), and zinc (Zn) in the powders of the bimetallic nanocomposite[28-31]].

X-Ray Diffraction (XRD) Study

The XRD data provided patterns given in Figure 4.8, shows that the bimetallic
nanocomposites were found to be crystalline and exhibited hexagonal wurtzite
phase. It was noted that there was a decrease in intensity of the diffraction peaks of
zinc nanoparticles while their FWHM increases on integration with silver nanopar-
ticles see Table 4.4, indicating a decrease in crystallinity of the nanostructures. The
substitution of Zn®* ions by Ag" ions in the Zinc crystal lattice sites results in a
decrease of crystallinity and a shift in position of the main diffraction peaks as indi-
cated in Table IV[23]]. The XRD patterns as seen in Figure 4.8 displayed all the peaks
for the (100), (002), (101), (102), (110), (103), (200), (112) and (201) corresponding
to Zinc alongside those due to silver (111), (200),(220),(311) and (222) confirming

their respective hexagonal and fcc structures.

(111)

8000 - + + Ag
i * Zn

7000 -

6000 -

Intensity (ab.unit)
5
8
|
+ (200)

220
+(311)

20 (Deg)

Fig. 4.8: X-Ray diffraction patterns of Ag:Zn BNCs.
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Tab. 4.4: Analysis of XRD of Ag:Zn BNCs.

Peak No. 260(degree) hkl FWHM () d(nm)

1 38.14 (100) 0.383 22.93
2 38.12 (002) 0.317 27.70
3 38.14 (101) 0.383 22.93
4 38.14 (111) 0.385 22.81
5 44.31 (200) 0.553 16.21
6 64.48 (220) 0.503 19.51
7 77.45 (311) 0.585 18.18
8 81.59 (222) 0.423 25.91

The average crystallites size was determined through Full-width at Half Maximum

(FWHM) of X-Ray diffraction peak by using Debye-Scherer’s equation as[33]]

KA
~ PcosO

(4.5)

Where: d is the average size of the crystallites, A is the wavelength of radiation
in radians (CuKa = 1.5418A), 8 is Full-width at Half Maxima (FWHM, in radians)
and 0 is the peak position (in degrees).The grain size of the particles was calculated
using the Debye Scherrer formula for the most intense peaks and the average cal-
culated size of nanocomposites were between 16.21 nm to 27.70 nm. This broad
size distribution could have been as a result of optical response introduced by mul-
tiple plasmon resonances.Table 4.4)gives a summary of the calculated results. Metal
nanoparticles buffer layers lowers the work function to be closer or match with the
LUMO energy level of the acceptor of the photoactive medium. This results in a
decrease in the barrier level from the interfacial buffer layer to the cathode increas-
ing charge collection. In addition having band gap higher than that of photoac-
tive layer prevent the charge carrier recombination at the cathode electrode.During
charge extraction from the photoactive medium, electron accumulate causing a shift
in the Fermi level of the system to more negative potentials and closer to the con-
duction band of the semiconductor. This enables easy charge transfer between metal
nanoparticles and the semiconductor. The smaller the size of the nanoparticles as it

is observed in table IV the greater the shift in the Fermi level[[38-H41]].
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4.4 Conclusion

The influence of bimetallic nanocomposite was explored as co-electron transport
buffer layer in perovskite solar cells. In this investigation, we have demonstrated
that incorporation of Ag:Zn bimetallic nanoparticles in the preparation perovskite
based solar cell led to improved device performance which mainly attributed to the
local surface plasmon resonance of metal nanocomposite. The phenomenon has fur-
ther caused red shift in the optical absorbance, that resulted in high photocurrent
density which enhanced PCE from 4.52% to 5.70%. Therefore, the incorporation
of bimetallic nanoparticles in perovskite based solar cells is promising strategy for
improving both stability and PCE. The results can get better if controlled environ-
ments is used in the fabrication of the devices. On the other, hand the use of metal
nanocomposite buffer layer can serve as capping material to contain the amount of
toxic lead escaping into the environment. More needs to be done in optimization of
the thickness and concentrations of both silver and zinc nanoparticles. This study
thus reveals a new and cost-effective method for fabrication of solution processable

thin film solar cells by employing metal nanocomposites.
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5. EFFECT OF DUAL PLASMONIC RESONANCE ABSORPTION IN
THIN FILM PEROVSKITE SOLAR CELL

Abstract

Silver/Copper (Ag:Cu) nanocomposite were successfully synthesized from aqueous
solutions of silver and copper nitrates by chemical reduction method. The nano-
composite is incorporated into Poly (3, 4-ethylenedioxythiophene): poly (styrene
sulfonate) (PEDOT:PSS) hole transport layer with aim to improve the charge trans-
port processes in perovskite based solar cell. The optical and morphological proper-
ties of the synthesized nano particles were studied using UV-Visible, X-ray diffrac-
tion (XRD), High Resolution Scanning and Electron microscopies (HRSEM and
HRTEM), respectively. Substantial improvement on the measured photo-currents
was observed from newly fabricated thin film perovskite solar cell which shows
over 100% growth in the devices short circuit current (J,) that resulted in 24%
increase in power conversion efficiency (PCE). The loss in open circuit voltage and
leakage current manifested in the magnitude of the fill factor of the devices are the
major factors that prevents from attaining the full potential of the effect of the metal

nano-particles in the hole transport layer (HTL).

5.1 Introduction

The rapid population growth and industrialization has put researchers, industrial-
ists and engineers at crossroads to search for alternative sources of renewable en-
ergy. It is an endeavour to meet the world’s growing energy demand and mitigate
overreliance on fossil fuels such as oil, coal and gas which has resulted in heavy
global warming. Solar energy is one of the most abundant renewable energy source

which is yet to be tapped sufficiently to curb the energy problems. Harvesting and
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storing this clean source of energy requires new technologies to satisfy the ever in-
creasing energy demand and reduce environmental polution. One of the recently
emerged solar cell technology is solution processable thin film perovskite solar cell
which has attracted a great deal of attention. The power converion efficieny of per-
ovskite based solar cells has grown rapidly from 3.81% to 22.1% within a period
of seven years[1}, 2]. Some of the main advantages of the perovskite solar cell its
wide optical absorption band, tunablility of the energy band gap, high charge car-
rier mobilities and power conversion efficiency. However, the stability of perovskite
film under ambient environment and low reproducibility in device fabrication re-
main challenging. Though there is sufficient charge carrier diffusion length in per-
ovskite medium the nature of the interfacing conditions between the active layer
and the electrodes plays significant role in the charge collection process. The incor-
poration of metal nano-composite in PEDOT:PSS hole transport layer is expected to
reduce charge recombination during charge carrier extraction and transport. The
optical and electronic properties of the metal nanoparticles can be adjusted by con-
trolling their size and constituents. Plasmonic metal nanoparticles are some of the
strategies that have been employed to narrow the energy band gap of the solar ab-
sorber, enhance electron-hole charge separation and reduce charge recombination in
semiconductor medium [5H7]. Metal nanoparticles can assist in improving optical
absorption through light scattering due to the formation of local surface plasmon

resonances (LSPR) effects resulting from metal surface elctrons plasma [3, 7).

Different noble transition metal nanoparticle have been investigated for integra-
tion in various layers of the device structure in the preparation of thin film solar
cells [8,[9]. Silver NPs have been incorporated with several transition metal semi-
conductor nanoparticles with different materials, shapes, sizes, concentrations and
distributions to improve the properties and efficiency of the solar cells. Plasmonic
nanoparticles have often been integrated in HTL buffer layer (PEDOT:PSS) to im-
prove the conductivity of the polymer medium and assist the charge transport pro-
cesses [55, [10H13]]. The band gap of transition metal nanoparticles can be extended
to include infrared region through proper tunning of preparation conditions, shape,
size, refractive index, composition and structure of the nanoparticles[14]. In this
work we synthesized Ag:Cu bimetallic nanocomposites (BNCs) in order to inves-

tigate their effect in PEDOT:PSS hole transport buffer layer in the preparations of
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provskite solar cell.

5.2 Materials and Methods

5.2.1 Synthesis of Ag:Cu Nanocomposite

Phenyl-C61-butyric acid methyl ester (PCBM), Lead iodide (Pbl,), Methylammo-
nium iodide (98% MALI) and Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT: PSS) were purchased from Ossila while Copper nitrate hydrate (99.999%
Cu (NOj3),.H,0), silver nitrate(99.5% AgNO3),Sodium borohydride(99.98% NaBHy),
chloroform, Dimethylformamide (DMF) and Isopropyl alcohol (CH;CHOHCHj;)
were from Sigma Aldrich. Polyvinyl Pyrrolidone (PVP molecular weight 25000-
30000), Merck, Germany) was used as the capping agent while ascorbic acid (99.5%,
Associated Chemicals Enterprises, South Africa) and NaBH, was used as the re-
ducing agents. All the chemicals were of analytical grade and used as purchased
without further purification. 5.0g of PVP and 1.75g of ascorbic acid are first sepa-
rately dissolved in 50 mL of deionized water. Then the two solutions are mixed and
stirred at 60°C for 10 minutes. 0.25 M of copper (II) nitrate, 0.1 M silver nitrate
aqueous solutions were also separately prepared by dissolving in deionized water
and stirred for one hour in ice bath for 0.3 M Sodium borohydride. 50 mL solution
of Cu (NOj),.H,0) and 50 mL of AgNOj; were then simultaneously poured drop-
wise into 50 mL of NaBH, solution with continued stirring for 20 minutes at room
temperature. The obtained mixture were separated by centrifugation at 5000 rpm
for 30 minutes, filtered, washed several times with deionized water and finally the

precipitate left to dry at room temperature.

5.2.2 Device fabrication

All the experiments were performed in ambient condition with a humidity level of
about 28% at room temperature. The devices were fabricated on an indium tin oxide
(ITO) coated glass substrate with dimensions of 30 mmx30mm. The ITO substrate
was partially etched with acid solution then ultrasonically cleaned successively in
detergents, deionized water, acetone, and isopropyl alcohol for 15 min, respectively.

It was then annealed at 120°C for 30 minutes. The precursor solutions were pre-
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pared separately where CH3;NH;3I was dissolved in 1 mL of 2-isopropanol and the
lead iodide solution was formed from 0.5 M Pbl, in 0.5 mL DMF solvent at a concen-
tration of 20 mg/mL, respectively. The solutions were under constant magnetic stir-
ring overnight at 60°C. The solar cell fabrication begins by spin coating PEDOT:PSS
mixed with 0.7% of Ag:Cu nanocomposites on dried ITO coated glass substrate at
3500 rpm and then annealed at 150°C. It is followed by Pbl, and MAI at 2000 rpm
respectively and annealed at 90°C for 5 minutes in nitrogen atmosphere. A thin
layer of PCBM was spin coated at 1200 rpm for 40 s on the top of perovskite and
annealed at 90°C for 5 minutes. The samples are then transferred vaccum depo-
sition unit where 60 nm aluminium electrode was deposited at a base pressure of
107%. The device structure illustrating various layers of materials is provided in
Fig. 5.1. The fabricated devices attains inverted planar-heterojunction solar cells
with device architecture ITO/PEDOT:PSS/ Ag:Cu/perovskite/PCBM//Al. The cur-
rent density-voltage characteristics of the devices were measured using a Keithley
2420 source meter under a simulated AM 1.5G solar irradiation at 100 mW/cm?.
The active area was approximately 0.03 cm?. UV-Vis spectra were measured with
Rayleigh 1601 UV-Vis spectrometer for structural characterization. Zeiss high reso-
lution scanning and tunnelling electron microscopy (HRSEM and HRTEM) as well
as X-ray diffraction analysis were used to study the perovskite morphologies and

details of the synthesized nanoparticles.

PCEM

Perovskite

Glass /ITO

Fig. 5.1: Illustration of device structure of Psc.
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5.3 Results and Discussion

5.3.1 J-V Characteristics

Thin film Perovskite solar cells are fabricated with and without the inclusion of
Ag:Cu nano-composite in PEDOT:PSS hole transport layer. The current-voltage
characteristics measured from the newly fabricated devices are given in Fig. 5.2
where the top panel is taken from devices without Ag:Cu in HTL while the bottom
panel are from metal-nano-composite doped HTL. According to the result provided
in Table 5.1 and 5.2 the devices doped with Ag:Cu nano-composite exhibited low
fill factor an indication of leakage current due to the presence of the metal nano-
particles. However, we observed that significant enhancement in the measured
photocurrent where the magnitude of the short circuit current almost doubled com-
pared to the pristine hole transport layer. This is attributed to the effect of the metal
nano-particles in the process of charge extraction. Tables 5.1 and 5.2 illustrates
summary results from the solar cell parameters taken under ambient environment.
According to the data provided in the tables the power conversion efficiency of
the solar cell increased from from 5.05% to 6.28% mainly from enhanced current
density (Jsc). However, the devices fabricated with metal nano-particles exhibited
significant loss in open circuit voltage and fill factors which are attributed to inter-
facial conditions such as mismatch between the energy levels, short circuiting and

leakage current.

Tab. 5.1: J-V characteristic curves of reference solar cell without BNCs.

Device Voc Isc Jsc FF PCE
\4 X104 Amp mA/cm? % %

without

Diode 2 0.84 3.75 12.50 48.29 5.05
Diode 3 0.83 3.32 11.08 44.72 4.13
Diode 4 0.85 3.04 10.13 37.60 3.23
Diode 5 0.86 3.00 10.00 48.47 4.19

with Ag:Cu

Diode 3 0.63 17.6 29.30 31.53 5.84
Diode 4 0.67 15.2 25.33 30.93 5.24
Diode 5 0.67 17.4 28.97 32.16 6.28
Diode 6 0.67 14.6 24.38 32.13 5.28

The improved collection of photo-current could be associated with enlarged active
layer/PEDOT: PSS interfacial area and improved PEDOT: PSS conductivity due to
alteration in the morphology of the PEDOT:PSS and metal nano-particles blend[15]].

The reduction in V. can be attributed to larger interface area introduced by increase
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Fig. 5.2: ]-V characteristic curves of device without and with Ag:Cu bimetallic nanoparticles.

in nano-composites size, which raised the recombination rate at the same time. The
maximum power conversion efficiency recorded in this experiment with Ag:Cu was
6.28% which is 24% growth compared the reference cell with a PCE of 5.05%. In
addition to the nano particles contribution in increasing inter facial area between
active layer and HTL, they also exhibited the phenomenon called local surface plas-
mon resonance (LSPR) which can serve as light trapping mechanism through scat-
tering. LSPR can also generate strong electromagnetic field in the vicinity of the

nano -particle that could assist in exciton dissociations.

5.3.2 Charge Transport Properties Analysis

Current-voltage characteristics of the solar cells are measured under dark condi-

tion to understand the charge transport process in the devices. We employed space
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charge limited current(SCLC) where all traps in the medium are filled and the
charge mobility depends on the applied bias voltage. The SCLC data are compared
to Mott-Gurney model which assumes that active layer is trap-free, current to be due
to carriers of one polarity, carrier diffusion is negligible in active layer and electric
field at the injecting electrode is zero[16-19]]. Mott-Gurney equation was fitted to
the SCLC data to obtain important charge transport parameters. It is to be noted
here that the dark current are not affected by the LSPR since there is no interac-
tion with electromagnetic radiation. However, the dark current exhibited improved
device performance for the samples with Ag:Cu NPs doped hole transport layer
compared pristine one. This is due to low series resistance as a result of improved
conductivity of PEDOT:PSS transport layer [20},21]]. The charge mobilities and field
activation factors (Table 5.2) derived from the solar cells are comparable to those

reported in literatures.
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8,0 1 ) hd -

7,84

X
[«
1

In J (mAcm™)

N
EN
1
1

7,2 _

22 24 26 28
V,-V,, (Volts)

Fig. 5.3: Space Charge limited currents for device with and without Ag:Cu BNCs.

Tab. 5.2: Charge transport parameter for the best four fabricated devices

Device  pg/cm?V-1571 y/(emV=1)2

Reference 4.60x107% 2.1x107%
Diode 1 2.14x1073 -2.9x1074
Diode 2 6.69x1074 -5.2x107%
Diode 3 8.45x107% -1.5x107%

Diode 4 8.42x107% -1.5x1074
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5.3.3 Optical Properties

Figure 5.4 shows the UV-Vis absorption spectra for both reference and devices with
Ag:Cu BNps which depend on the shape, size and surrounding environment of the
synthesized nanoparticles. The effect of the nanoparticles structures is identified on
the position and intensity of LSPR. The localized surface plasmon resonance (LSPR)
characteristic bands maximum around 380 nm and 420 nm which indicates the con-
tribution of Ag nanoparticles. The broad absorption bands of two humps at around
440 and 500nm corresponds to copper nanoparticles contribution [22} 23]]. This
could be as a result of lack of uniformity in the shape and size of the copper nanopar-
ticles. It can be observed from UV/Vis absorption spectra (Fig. 5.4) that the Ag:Cu
BNCs demonstrated broader optical absorption in the wavelength ranges of 420 nm
to 510 nm and then decreases linearly up to 760 nm. The UV/Vis spectra further
indicates red shift between the wavelength ranges 450 nm to 750 nm. This could
attributed to the effect BNCs resulting from the two metallic nanoparticles comple-
menting each other in enhancing optical absorption over a larger wavelength region

from dual resonance enhancement of two different nanoparticles[16)], 24].

T T T T T T T T T
—— Without Ag:Cu nanoparticles
’\ —@— With Ag:Cu nanoparticles

Absorbance (a.u.)

T T T T T T T T T T
400 500 600 700 800 900
Wavelength (nm)

Fig. 5.4: U-V Optical absorbance of devices with and without Ag:Cu BNCs.
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Tab. 5.3: EDX data of Ag:Cu core-shell nanoparticles

Sample Element Weight % Atomic %

1 Ag 35.65 16.44
Cu 50.09 39.22
2 Ag 38.68 11.95
Cu 32.62 17.10
3 Ag 46.95 22.17
Cu 38.23 30.64
4 Ag 28.45 12.87
Cu 57.45 4411

5.3.4 Morphology
Scanning Electron Microscopy (SEM)

Figure 5.5 depicts HRSEM images of the synthesized BNCs with and without PE-
DOT: PSS. Ag:Cu BNCs are eccentric core-shell nano-particles type with spherical
shapes which are distinctly visible from each other. The silver and copper atoms
uniformly distributed over the whole matrix. It is worth noting that incorporation
of the nano-composite into the HTL exhibited no strong alteration between the PE-
DOT: PSS layers with and without BNCs except for slight agglomeration of Cu cores
embedded in an Ag shells. This showed that Ag:Cu nano-particles were completely
embedded in the PEDOT: PSS layer.

The composition and elemental mapping of prepared bimetallic nano-particles were
obtained using an energy dispersive X-ray microanalysis system attached to the
SEM. The Ag:Cu powder films were dispersed with deionised water on carbon disks.
Figure 5c¢ and Table IV shows the EDX spectra and composition percentages. The
widespread distribution of Ag:Cu nanoparticle sizes could be as a result of agglom-
eration of Copper uncapped by PVP and inhomogeneous formation and nucleation
of Cu nano-particles. Energy dispersive X-ray spectra (EDX) measurements were
carried out for device to detect the distribution of PCBM /Ag:Cu and BNCs in per-
ovskite film. The EDX spectrum confirms the presence of silver (Ag)and copper(Cu)

as shown in table 5.4 and Figure 5.5c.
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Fig. 5.5: Synthesized Ag:Cu nano-composite in powder form

Transmission Electron Microscopy Analysis (TEM)

HRTEM analysis was conducted to investigate the physical size, distribution and
morphology of the synthesized nano-particles. Figure 5.5 shows the images of Ag:Cu
core-shell nanoparticles. It can be seen that the synthesized nanoparticles exhibit
mostly spherical core-shell and somehow close to hexagonal structure. The particle

distribution of the obtained Ag:Cu NPs is similar to that from our SEM observations.
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Tab. 5.4: Analysis of XRD of Ag:Cu bimetallic nanoparticles.

Peak No. 260(degree) hkl FWHM () d(nm)

1 36.32 (111) 0.766 11.40
2 38.16 (111) 0.766 11.47
3 42.43 (111) 0.766 11.62
4 44.27 (200) 0.766 11.70
5 61.42 (220) 0.766 12.60
6 64.64 (220) 0.766 12.82
7 73.74 (220) 0.766 13.54
8 77.53 (311) 0.766 13.89
9 81.68 (222) 0.766 14.31

X-Ray Diffraction (XRD) Study

Figure 5.6 shows the electron diffraction pattern of Ag:Cu core-shell structure
nanoparticles synthesized by co reduction method. The sample exhibited nine dis-
tinct peaks at 20 = 36.32°, 38.16°, 42.43°, 44.27°, 61.42°, 64.64°, 73.74°, 77.53° and
81.68°. The peaks corresponds to (111), (200), (220), (222) (311) planes of the face-
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Intensity
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400+
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Fig. 5.6: XRD patterns of the synthesized (a) Ag: Cu NPs

centered cubic structure of silver metal and (111), (220) planes of the face-centered
cubic structure of copper. The results obtained were in good agreement with the
diffraction planes of pure silver (JCPDS 89-3722) and those of pure copper (JCPDS
85- 1326). In addition the XRD pattern of the nanoparticles synthesized also dis-
plays for planes (111) and (220) peaks of copper oxide (Cu,0) which we attributed
to partial oxidation of copper in ambient atmosphere. Our results further indicate
that the crystallite size of the synthesized Ag:Cu nanoparticles determined using

Scherrer’s equation were distributed within the range of 11.40-14.31 nm as shown
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in Table 5.5.

5.4 Conclusion

The influence of local surface plasmon resonance (LSPR) on perovskite solar cells
was investigated by incorporating Ag:Cu NCs into the HTL. We demonstrated that
incorporation of bimetallic nanocomposites in perovskite solar cell fabrication led
to enhanced charge collection and improved performances. However, we have ob-
served significant loss of the open circuit voltage due to energy level mismatches at
the interface between active layer and the electrodes. Furthermore, the low device
fill factor suggested the existence of leakage current that impedes device rectifica-
tion. The use of metal nano-composite in HTL enhanced the device current density
from 12.50 mAcm ™2 to 29.30 mAcm 2 which corresponds to the change in PCE from
5.05% to 6.28%, respectively. The improvement in PCE was compromised due to the
loss in open circuit voltage. Therefore, the incorporation of bimetallic nanocompos-
ites in perovskite based solar cells can be promising strategy for enhancing both
stability and PCE. However, Better strategies need to be investigated to mitigate the

loss in V¢ and leakage current.
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6. ELECTRON TRANSPORT CO-BUFFER LAYER FOR IMPROVED
CHARGE EXTRACTION IN POLYMER SOLAR CELL

Abstract

Silver: copper bimetallic nanoparticles were synthesized by co-reduction of silver
and copper ions from silver and copper nitrates aqueous solutions. The effects of
the synthesized Ag:Cu nanoparticles on polymer film solar absorber composed of
poly(3-hexylthiophene) : phyenyl-C61-butyric acid methyl ester (P3HT:PCy;BM)
was investigated in terms of changes in optical and electrical properties of the films.
The nature of the metal nano-composite was studied using High-resolution scan-
ning and transmission electron microscopy (HRSEM and HRTEM)respectively. The
optical absorption of the solar absorber films were improved due to presence of sur-
face plasmon resonance effect (SPR)caused by Ag:Cu nanoparticles that resulted in
an increase in short-circuit current density (J,.)from 8.4 to 10 mAcm~2 (19%) and

improved power conversion efficiency (PCE) from 3.5 to 4.7% (34%).

6.1 Introduction

Over the past few years there has been upsurge in the price of fossil fuels due to
continuous rise in energy demand due to high growth of global population. This
has propelled scientists and researchers to seek alternative sources of renewable en-
ergy to address challenger in environmental pollution and satisfy the ever increasing
demand for energy. Third generation of solution processed thin film solar cell in-
clude; organic solar cells, tandem solar cells, dye sensitized solar cells, and hybrids
(organic /inorganic based solar cells)[1H6]. Organic photovoltaic cells solar cells
employ organic polymers and small molecules as the photoactive layer for light

absorption and charge generation. In the last two decades lots of research efforts
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have been focused on improving the device performance of organic photovoltaics.
Polymer solar cells have attracted a lot of interest due simplicity of solar cell fab-
rication,low temperatures, cheap manufacturing costs, flexibility, lightweight with
possibility of large-scale production using roll to roll printing techniques. The short
diffusion lengths of free charge carriers (electron-hole)in polymer nedium has lim-
ited the thickness of the photoactive layer to (< 150 nm). As a consequence, the solar
absorber has reduced both optical absorption and low short-circuit current density
in polymer based solar cells. The Incorporation metal nanoparticles as interfacial
layers in organic photovoltaic solar cells have been reported to increase the light
trapping and absorption without affecting the size of the photoactive layer. This is
attributed to the LSPR effect and the light scattering effect of metal nanoparticles|7-
14]). A wide variety of processing parameters are known to influence morphology of
the fabricated devices which explain why most experimental result do not give con-
sistent results when repeated. Thick films are required for maximum absorption of
solar radiation however light can easily escape the solar absorber in thin films which
require a compromise strategy to balance between optical absorption and reduced

series resistance of the solar absorber.

6.2 Materials and Methods

Acetone (C3HgO), Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT: PSS), poly(3-hexylthiophene) (P3HT) and phyenyl-C61-butyric acid methyl
ester (PC41BM) were purchased from Ossila while Copper nitrate hydrate (99.999%
Cu (NOj3),.H,0), silver nitrate (99.5% AgNO3), Sodium borohydride(99.98% NaBHy,),
chloroform, and Isopropyl alcohol (CH;CHOHCHj;) were from Sigma Aldrich.
Polyvinyl Pyrrolidone (PVP molecular weight 25000-30000), Merck, Germany) was
used as the capping agent while ascorbic acid (99.5%, Associated Chemicals Enter-
prises, South Africa) and NaBH, was used as the reducing agents. All the chemicals

were of analytical grade and used as purchased without further purification.

6.2.1 Synthesis of Ag:Cu Nanocomposite

The synthesis of the bimetallic nano-composite begins with the preparation of a so-

lution from 2.5.0g of PVP and 0.9 of ascorbic acid which are separately dissolved
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in 50 mL of deionized water. Then the two solutions are mixed and stirred at 60°C
for 10 minutes. 0.20 M of copper (II) nitrate, 0.1 M silver nitrate aqueous solutions
were also separately prepared by dissolving in deionized water and stirred for one
hour in ice bath for 0.3 M Sodium borohydride. 50 mL solution of Cu (NO3),.H,0)
and 50 mL of AgNOj; were then simultaneously poured dropwise into 50 mL of
NaBHjy solution with continued stirring for 20 minutes at room temperature. The
obtained mixture were separated by centrifugation at 6000 rpm for 30 minutes, fil-
tered, washed several times with deionized water and finally the precipitate left to

dry at room temperature.

6.2.2 Device fabrication

The solar cells are fabricated using a solar absorber containing poly(3-hexylthiophene)
and phyenyl-C61-butyric acid methyl ester(P3HT:PC4;BM) blend. The solution of
the photo-active layer is prepared in chloroform solvent with and without the in-
clusion of the nanoparticles. Four differentsolutions of P3HT:PC4;BM(1:1 weight
ratio) in chloroform at 20mg/ml concentrations were prepared with 0, 2, 3 and
4% of Ag:Cu nanoparticles by weight. All the four blends were kept stirring at
40°C for four hours to obtain the uniform blends. The devices were fabricated on
an indium tin oxide (ITO) coated glass substrate purchased from Luminescence
Technology Corporation which were then cut to the size of 30 mmx30mm. The
ITO substrate was partially etched with acid solution then ultrasonically cleaned
successively in detergents, deionized water, acetone, and isopropyl alcohol for 15
min, respectively. It was then annealed at 120°C for 30 minutes. The solar cell
fabrication begins by spin coating PEDOT: PSS on dried ITO coated glass substrate
at 3500 rpm for 3 s then 60 s and annealed at 150°C. It is followed by a mixture
3% by weight of Ag:Cu nanoparticles and P3HT: PCBM in chloroform at 2500 rpm
and annealed at 90°C for 5 minutes in nitrogen atmosphere. The samples are then
transferred vaccum deposition unit where 0.4nm of Lithium flouride and 60 nm
aluminium electrode were deposited at a base pressure of 10™°. The device struc-
ture illustrating various layers of materials is provided in Figure. 6.1 The fabricated
devices attains inverted planar-heterojunction solar cells with device architecture

ITO/PEDOT:PSS:P3HT:PCqBM:Ag:Cu /1iF/Al
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ITO Glass |
tt i1t

Fig. 6.1: Fabricated polymer solar cell structure.

6.3 Results and Discussion

6.3.1 J-V Characteristics

The current density—voltage (J-V) characteristics curves have been taken from the
newly fabricated devices under 1 Sun light illumination at 100 mW/cm? (AM1.5
solar spectrum)and dark condition. The first panel of Fig. 6.2 shows the J-V curves
measured from the solar cells fabricate with metal nano-particles in the solar ab-
sorber. More photocurrent have been measured from the solar cells with metal
NPs (see panel 2 to Fig. 6.2). The integration of the Ag:Cu nanoparticles into
P3HT:PCBM binary blends extended the optical absorption range of solar spectrum.
As aresult charge extraction and transport properties were enhanced as reflected by
higher short circuit current density and the power conversion efficiencies (PCEs) in
the fabricated device compared to the pristine devices see Tables 6.1, 6.2 and Figure
6.2. The maximunm current density measured in the current experiment was 11.4
mA/cm?. However the performance of the devices highly depends on the amount of
metal nanoparticles in the solar absorber of the devices. For example, the incorpo-
ration of the metal nanopartcles at the concentration of 3% by weight of Ag:Cu NPs

into P3HT: PCBM: active layer increases the current density from 8.0 mA/cm? to
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11.4 mA/cm?. Moreover, the metal NPs increases charge mobility and conductivity
of the solar absorber[15), [16]. It was also observed that both FF and V. decreases
at higher concentrations of the metal nanoparticles which could be attributed to the
current leakage in the solar cells caused by direct contact between Ag:Cu NPs and
electrodes which resulted in electrons quenching. The devices incorporated with 3%
Ag:Cu NPs produced the greatest enhancements in J;. due to the dual effects of Ag
and Cu NPs.

Tab. 6.1: J-V characteristic curves of reference solar cell without Ag:Cu NPs.

Device Voc Jsc FF PCE RatV, Ratl,
Vv mA/cm? % % Q Q
Diode 1 0.59 8.0 53.5 3.3 205 4508
Diode 2 0.58 7.6 54.7 3.3 264 6452
Diode 3 0.56 7.3 53.5 3.1 383 3940
Diode 6 0.58 8.0 52.4 3.2 259 4213

Tab. 6.2: With Ag:Cu NPs.

Device Voc Jsc FF PCE RatV,. Ratl,
\Y% mA/cm? % % Q Q
Diode 2 0.57 9.8 52.1 4.6 88 2627
Diode 4 0.57 11.4 53.3 4.7 336 2723
Diode 5 0.57 10.0 53.3 4.7 336 2723

Diode 6 0.55 9.1 47.0 3.5 162 2485
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Fig. 6.2: ]-V characteristic curves of solar cell with and without Ag:Cu BNCs.

6.3.2 Charge Transport Properties Analysis

Figure 6.3 displays the J-V curves recorded dark conditions for both types of de-
vices fabricated with and without metal NPs. In both cases, the solar cell diodes
shows a rectification behavoiur and the amount of current appeared to be similar
in the forward voltage. However, in reverse voltage the devices devices with sil-

ver copper bimetallic nanoparticles shows a higher dark current density and better
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rectification compared to those without. This suggest a reduction in both carrier re-
combination and leakage current and consequently improved carrier transport and
collection which could be partly due to improved polymer morphology. Blending
the metal nanoparticles (NPs) into an active layer effectively decreases series resis-

tance, improve the carrier mobility and increases cell efficiency(17]]

-2 4 —a— Diode1

LnJ(mAcm?)

—a— Diode 1

LnJ(mAcm?)

Fig. 6.3: Dark Ln J-V characteristic curves of device without(a) and with Ag:Cu BNCs (b).

Charge mobility The carrier mobility wasderived from the space charge limited cur-
rent (SCLC) model at low voltage using the field-dependent form of the Mott-Gurney

law. Mott-Gurney equation ignores the effect of diffusion, assumes current to be
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due to carriers of one polarity only.

9 (V= V)2 V - Vi
Jscre = gerfoﬂoszexP( sz) (6.1)
which may be expressed as
9 V2
J= ggrgol"OF (62)

where ¢, is the relative permittivity of the medium, ¢, is the permittivity of the vac-
uum, p is the mobility, V and V}; are the applied and inbuilt voltages respectively

and L is the thickness of the photoactive layer.

Vi =V =V~ Vs, (6.3)

Where, V is the applied voltage, V;; is the built-in voltage and Vj, is the voltage
dropped due to the series resistance. The results were fitted to a space charge limited
form in order to extract the mobility from the SCLC region of the curve. According
Figure 6.4, the model agrees well with the measured SCLC from the solar cells. The
zero field mobility derived from the fits and summerised in table 6.2 are comparable

to the values provided in literatures.
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Tab. 6.3: Charge transport parameter for the best three fabricated devices

NI

Device  pg/cm?V=1S7t y/(emV 1)

reference 5.08x1074 1.1x1074
1 8.50x1073 -5.8x1074
2 8.39x1073 -5.6x1074
3 8.39x1073 -5.6x1074
8.0 PS
Diode1, Diode 3, -
7.8 -
5764
<€
£ |
E
7.4 -
7.2 4
7.0 T T T T T T T T T T

L] I L] I L]
1.0 1.2 14 1.6 1.8 2.0 22 24
V -V, (Volts)

Fig. 6.4: Space charge limited current for the best 3 fabricated devices

6.4 Optical Properties

6.4.1 UV/Vis Analysis

The optical absorption of the photoactive films containing different concentrations
Ag:Cu nanoparticles were investigated using UV-Vis spectrophoometer. The spectra
were taken for films composed of ITO/PEDOT:PSS/ P3HT:PCBM:Ag:Cu. Glass and

ITO was taken as the references for baseline subtraction and do not have absorption
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in the visible and infrared regions. The spectra provided in Figure 6.5 shows two
humps (broad absorption spectrum) which are attributed to LSPR and the polymer
blend. The first hump appearing between 350 and 410nm corresponding to that
of Ag nanoparticles (410nm) and the second (a hump) appears in all the samples
between 450 to 625nm associated with P3HT and the surface plasmonic resonance
range of Cu nanoparticles around 600nm[18]. The samples with 2% and 3% Ag:Cu
nanoparticles are shifted to longer wavelengths see Figure 6.5 These are in agree-

ment with those reported in literature.

—a— Glass/ITO

—e— Devices with 2% Ag:Cu NPs

0.75 4 —a— Devices with 3% Ag:Cu NPs _|
! —v— Devices with 4% Ag:Cu NPs

—&— Devices without Ag:Cu NPs

0,00

| |
600 700
Wavelength (nm)

| |
400 500

Fig. 6.5: U-V Optical absorbance of devices with and without Ag:Cu BNPs.
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6.5 Morphology

6.5.1 Scanning Electron Microscopy (SEM)

The charaterization of the synthesized metal nanoparticles were conducted using a
number of spectrometers. The surface morphology and elemental mapping of the
synthesized Ag:Cu nanoparticles were carried out using HRSEM. Figure 6.6 shows
the uniform distribution of the elemental silver and copper powder as indicated by
various colours. The SEM image show the flower-like structure containing uniformly
distributed elements and well dispersed particles of nealry the same size. It is evi-
dent from the SEM images that there are hexagonal pyramid like structures suggest-
ing the formation of a uniform silver shellover the surface of the Cu nanoparticles
as confirmed by TEM analysis. In fact, in some instancs the TEM images showed an
incomplete phase of the core shell type structure as wellas single phase which can
be characterized by the different colours of the images. The presence of such diverse
nano-particles structures would promote the occurence of LSPR excitation at the
small size of the nanoparticles and multiple scattering of light inside the photoac-
tive layer. The interpenetrating network of the dispersed nanoparticles provided
alternative pathways for charge transport which resulted in enhanced PCE. A high
dispersion of NPs in the active layer improves carrier mobility and results in im-

proved power conversion efficiency[[19]].
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Fig. 6.6: SEM micrographs showing surface morphology with elemental mapping of Ag:Cu BNCs

powder

Furthermore the energy dispersive X-ray Energy dispersive X-ray spectra (EDX)
measurements were carried out determine the elemental and percentage distribu-
tion of silver and copper on the synthesized bimetallic nanoparticles. According
to theinformation derived from the EDX spectrum confirms the presence of silver
(Ag)and copper(Cu) at different concentrations as shown in table 6.4 and Figure
6.7. TEM images taken from powder phase of metal nanoparticlesis given in Fig-
ure 6.8 which clearly shows the formation of various shapes, structures and sizes
of the bimetallic nanocomposites. According to TEM images provided in Figure
6.8.the nanoparticles exhibited sphericalshape although they are close to core-shell
(Cu@Ag) bimetallic nanoparticles. This indicated that Cu nanoparticles were first
formed by reduction of Cu (NO3),.H,O) by NaBH, which then acted as a seed where
silver nanoparticles dispersed on it to form core—shell structure. Copper and sil-

ver nanoparticles were evenly distributed over the whole cluster shown in Figure
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Tab. 6.4: EDX data of Ag-Cu core-shell nanoparticles

Sample Element Weight % Atomic %
1 Ag 35.65 16.44
Cu 50.09 39.22
2 Ag 38.68 11.95
Cu 32.62 17.10
3 Ag 46.95 22.17
Cu 38.23 30.64
4 Ag 28.45 12.87
Cu 57.45 44.11

6.8. The results further confirmed that the silver nanoparticles uniformly covered
copper nanoparticles. The ring-like diffraction pattern alongside in Figure 6.8b

indicates that the synthesized bimetallic NPs are crystalline structures.

6.5.2 X-Ray Diffraction (XRD) Study

The XRD patterns of the Ag: Cu bimetallic nanoparticles as shown in Figure 6.9
consists of strong peaks for (111), (200), (220), (222) and (311) planes correspond-
ing to Ag face-centred cubic(fcc) structure. while the (111) and (220) also consistent
with the (fcc) phase of pure copper (JCPDS 85- 1326)[20, 21]. The relatively high-
diffraction intensity of the (1 1 1) compared with that of the (2 0 0), (2 2 0), (2 2 2)
and (3 1 1) for Ag nanoparticles suggests that the (1 1 1) plane was the predomi-
nant. These peaks also match to the Ag standard spectrum (JCPDS No. 89-3722),
indicating presence of pure Ag nanoparticles in the prepared sample[15]. The XRD
pattern of the nanoparticles synthesized also displays for planes (111) and (220)
peaks of copper oxide (Cu,0O). This indicates that the synthesized silver shell did
not prevent oxide formation at the surface of the copper core and as a result some
copper nanoparticles was partially oxidized in ambient atmosphere despite the use
of PVP as a capping agent[20,[22}[23]]. The average size of nanoparticles, determined
by the Scherrer’s equation, was estimated to range between 9.90 nm to 12.42 nm as

provided in table 6.5.
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Tab. 6.5: Analysis of XRD of Ag:Cu bimetallic nanoparticles.

Peak No. 260(degree) hkl FWHM () d(nm)

1 36.5 (111) 0.883 9.90
2 38.2 (111) 0.883 9.94
3 42.35 (111) 0.884 10.08
4 44.42 (200) 0.885 10.15
5 61.39 (220) 0.885 10.93
6 64.49 (220) 0.833 11.11
7 73.55 (220) 0.884 11.73
8 77.45 (311) 0.883 12.04
9 81.70 (222) 0.883 12.42
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Fig. 6.7: XRD patterns of the synthesized (a) Ag: Cu NPs
Conclusion

The effect of silver:copper nanoparticles in organic molecules solar absorber was
investigated. The results clearly demonstrated that plasmonic bimetallic nanoparti-
cles can significantly enhance the solar cell performancebecause of the LSPR effect

in the photoactive medium. The overall enhancement in power conversion efficiency
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of the devices was largely due to contribution of the bimetallic nanoparticles. The
study provides a facile cost effective method for preparation of bimetallic nanopar-
ticles and subsequent incorporation in the fabrication of OPV. The method can be
extended to obtain both organic/inorganic semiconductor functional nanoparticles
for fabrication of gas sensors and other photoni devices. Further research needs to
be carried out to precisely control the size and determine the shape of the nanopar-

ticles for specific applications.
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7. CONCLUSION

Over the last two decades there has been great improvement towards the realiza-
tion of solution processable thin film solar cells. A lot of effort has been invested to
attain commercial grade power conversion efficiency from organic molecule based
phototovoltaic cells (OPV). However, because of the limitations of the polymer so-
lar absorber and low charge carrier mobilities in the medium the the efficiency of
OPYV reaches as close as 13%. Thus, OPVs having benefited from material develop-
ment, preparation conditions and device optimization over the years to attain the
results. On the other hand perovskites based solar cells have achieved a remark-
able improvement with power conversion efficiency over 22% within a short period
of time (less than ten years). This is attributed to wide optical absorption range,
high charge mobilities and diffusion length compared to OPV solar absorber. Re-
producibility, stability, durability and lifetime in addition to use of toxic lead and
chlorinated solvents in perovskite still remain major challenges for commercializa-
tion. It is envisaged that with the current understanding more details about hybrid
solar cells will be uncovered that will allow the design and fabrication of more effi-

cient photovoltaic devices.

The current investigation intended to address some of the challenges facing per-
ovskite and organic solar cell through the use of metal nano-particles. We have
conducted an efficient and cost effective method to synthesis metal nano-composite
particularly Ag:Zn and Ag:Cu. The nanocomposite were tested at various layers
of the device structure to improve solar cell performance and stability. We have
achieved a number experimental results which are reported in chapter 4, 5, and 6.
Most of whom are already published in referred journals. Despite measuring en-
hanced photo-current, from the use of metal nano-particles at different layers of
the device structure, it is noted however that metal nano-composite induces leakage

current which reduces device fill factor and open circuit voltages.

Generally, the overall photovoltaic performance depends on the improvement of the
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V,c and J;. and FF), hence, more research attention should be geared towards the de-
velopment of narrow bandgap materials to increase optical absorption and harvest
more in the red and infrared regions of the solar spectrum. There is a need to find
interfacial buffer layers which have appropriate alignment with HOMO and LUMO
levels to match the donor with acceptor in order to maximize exciton generation
and charge extraction. The concentration of synthetic nanoparticles are bound to
increase in the near future hence there is need to examine fully and understand

their harmful effect on human and environment.
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