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Abstract
Currently there is considerable research emphasis on the development of one
dimensional or two dimensional optoelectronically interesting nanostructures in the field
of photo-voltaic and optoelectronics. Functional inorganic oxides and organic-inorganic
hybrid perovskites clearly offer a natural platform in this arena with an added advantage
of solution-based low temperature processing. It is further desirable that such
nanostructures show applicability in the existing device geometries with improved output
characteristics. Solution processed routes to make functional semiconducting
nanomaterials is an interesting aspect to explore as different dimensions of nanostructures
can be synthesized and tested in the photo-voltaic and optoelectronic device platforms.
The present thesis deals with topics in this domain of interesting research.
A brief explanation of the methodologies used is given below in each chapter.
In the first work, we have discussed the role of plasmonic light harvesting in dye
sensitized solar cells (DSSC). Significant enhancement in the performance of DSSC was
reported with the use of Au nanoparticles loaded TiO2 nanofibers in the light harvesting
layer. The presence of gold nanoparticles shows considerable improvements in light
harvesting and the electrochemical properties of TiO2 nanofibers. A remarkable
enhancement in efficiency by 25% is achieved with the gold loaded TiO2 as light
harvesting layer as compared to 12% by only a TiO2 NF layer. The IPCE and impedance
study of these devices showed commensurate results. Using impedance study we have
also demonstrated decrease in transport resistance and increment in chemical capacitance
of DSSC solar cell. Systematic optical analysis revealed the role of surface plasmon
polariton modes distributed at the nanoscale shottky junctions in Au –TiO2 nanofibers.
In the second work, we have shown the use of modified liquid in liquid electrospray
process in conjunction with anti-solvent solvent extraction for the synthesis of low
dimensional quantum structures especially 2-D nanosheets of CH3NH3PbI3 and
CH3NH3PbBr3 based layered perovskites. In this chapter we have also shown the
successful formation of CH3NH3PbBr3 based 0-D quantum dots. The optical properties of
I

these, as formed, colloidal nanostructures have shown the band gap tunability over the
entire visible range. The structural and morphological characterization revealed the role
of oleylamine additive as capping agent in CH3NH3PbBr3 and as an intercalation agent in
CH3NH3PbI3 based nanostructures. We have also studied the compositional tailoring by
mixing the as formed perovskite precursors before electrospraying. This has shown
tunability in luminescence over a broad range of visible spectrum.
In the third work, we present a novel additive mediated recrystallization approach for
making highly luminescent perovskite films with less electronic disorder. In this case we
have used quaternary ammonium halide based salts as an additive which are dispensed
on to the perovskite films during formation. These salts were mixed in anti-solvent which
was compatible with the perovskite formation. Our results showed that additive treated
films had 250 times higher luminosity as compared to untreated films. The additive
treated films show less electronic disorder in terms of Urbach energy which was reduced
from 38meV to 18meV. This significant decrement suggests that additive treated films
possess good optoelectronic properties as compared to the untreated samples. The
photoluminescence quantum yield was enhanced from 1% (for untreated film) to 30%
(for additive treated). Further we have demonstrated the use of this approach to make
light emitting diode (LED) applications. The LED’s made using additive treated films
showed external quantum efficiencies higher than 0.3% and narrow emission full width
half maxima.
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Chapter 1
Introduction

This chapter gives an overview of the current international renewable and
clean energy challenges and highlights the adverse effects of the currently
used polluting fuels on environment and health. The importance of the
abundantly available solar energy vs other renewable energy sources is
discussed in detail. The different ways of harnessing and utilizing solar
energy are also explained in brief. Towards the end, progress in solar
photovoltaics (PV) is described which includes all the three generations of
solar cells (starting from mono crystalline silicon solar cells to dye sensitized
solar cells up to the recently developed perovskite solar cells). The current
state of the art PV technologies are discussed. Recently emerged field of
hybrid perovskites has grabbed great attention due to interesting intrinsic
properties of perovskites. The different types of perovskites and their use in
light emitting diode applications are explained in brief. Finally, the
presentation of the outline of current thesis concludes this introductory
chapter.
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1.1 Energy: The New Research Frontier
The human civilization and socio-economic progress of human society has made
huge impact on the availability of sustainable energy. Development of industrial,
residential, commercial and transport sectors cannot be achieved without energy.
The betterment of human life and society needs adequate energy resources for the
next few decades. As per the survey done till last decade, the per capita energy
consumption and demand is increased by 40%.[1] The overall expected rise in
energy consumption will increase by 2.12 lakhs of terawatts by 2030.[2]
Our current primary energy sources are mainly fossil fuels like natural gas, coal,
oil etc as seen from Figure 1.1. These energy sources are formed by vary slow
and gradual decomposition of natural contents such as dead plants and animals in
earth crust. Hence faster depletion of such energy sources is the main problem
facing current generations. For instance, the reservoir of coal will last only for
another 100 years but natural gas and oil reservoirs will deplete in another 70 and
50 years respectively.[3]

Figure 1.1 shows the global energy consumption
(http://euanmearns.com/global-energy-trends-bp-statistical-review-2014/)

Rounak A. Naphade

Page 2

PhD Thesis

AcSIR

Chapter 1

2016

However the human generations today are mainly dependent on such energy
sources, the overuse of these sources are nowadays affecting the environment and
surrounding creating enormous pollution. The electricity is mainly produced by
burning the coal, similarly the overuse of automobiles and power plants releases
the toxic gases into the environment such as CO2, NO, CO, SO2 which gives rise
to serious health hazards as shown in Figure 1.2. In addition, suspended
particulates cause air pollution. The nitrogen oxides and hydrocarbons can react to
form tropospheric ozone, which is the major constituent of smog.

Figure 1.2 shows the health hazards of burning fossil fuels.
(https://nwodniakenst.wordpress.com/)
Release of such hazardous gases in environment has created the foremost critical
issues such as global warming, sudden changes in climate, rising sea levels,
melting of glaciers at poles which is causing frequent flood situations all over the
world. In addition, depletion of ozone layer above the earth allows harmful UV
rays to enter earth. This has led to serious health hazards over all the animal
kingdom on the earth.[4]
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Thus to meet the increasing energy demands of future, we need to search for
alternative energy resources. The major options include fossil fuel, nuclear power,
and renewable energy. However, the use of fossil fuels inherently needs the
secure storage of tons of CO2 gas produced. Hence while managing the enhanced
demands of energy, the damage to the environment has to be minimum.
Nuclear power is one viable option. However, we will need to construct 1GW
(giga-watt) nuclear fission plant for the next 50 years on the earth. This seems
next to impossible. Also, there are two important environmental concerns and
potential negative impact for human health. This process involves radioactive
products produced by nuclear fission inside power reactors and it requires careful
disposal management. The other concern revolves around the making of nuclear
weapons for mass destruction by various nations.[5]
Renewable energy is a form of energy which can be derived from the available
abundant sources such as from sun, wind, ocean, hydropower, biomass,
geothermal resources, biofuels and hydrogen derived from renewable resources.
Such energy sources are called as ‘renewable’ as they can be derived from natural
resources which can be restocked in short time. Renewable energy resources are
available in wide geographical areas, in contrast to other conventional energy
sources. Rapid deployment of renewable energy sources would indeed result in
significant energy security and economic benefits.

1.2. Types of Renewable Energy sources
The clean, green and low cost alternative of renewable energy sources includes,
wind, hydro, biomass, geothermal and solar energy.
1.2.1 Wind Energy
Winds kinetic energy is utilized to rotate the wind turbines which further generate
the electrical energy that powers up the either house or colony of houses in
villages or hilly areas (Figure 1.3). This is the oldest and most explored
renewable energy source. In this case the shaft is connected to a rotor which
Rounak A. Naphade
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rotates as per the wind speed. This generator then converts the kinetic energy of
wind to the electrical

Figure 1.3 shows the schematic of electricity production from wind energy.
http://energyinformative.org/windenergy
http://www.energynext.in/inox-wind-grabs-two-70-mw-wind-energy-projects/
energy through application of electromagnetic field. This generated electricity is
further converted in high voltages. It was first used to drive ships on the river Nile
which is dated 7000 years ago. Today airflows are used to run wind turbines.
Advanced wind turbine power range is from 600kW to 5 MW, but turbines with
output power of 1.5–3 MW has been used for commercial purpose. Although this
is greener route for energy production, earlier only 13% of electricity production
was through wind energy route. But, in recent times this has expanded to
336GW.[6] Around the globe Denmark is generating 40% of electricity from wind
energy.[7]
1.2.2. Hydropower
In Hydro-power the energy of falling water and running water is used to move
turbines. The dams are established on the river side or by using back water of
rivers. By this way the use of kinetic energy of falling water is used to rotate the
high power turbines which ultimately convert the mechanical energy into
Rounak A. Naphade
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electrical energy.(Figure 1.4) This is the most acceptable renewable energy form;
16% of world energy production is achieved through this route. All the countries
around globe are using hydroelectric power route for electricity production. China
is a leading country with highest hydroelectricity producer at 721TW/hr. This is
the most reliable approach for producing electricity. As this can be considered as
the one time investment with less duration of payback time. In addition this is low
cost and has no direct environmental pollution.[8-9]

Figure 1.4 shows the schematic of hydropower production from running
water.
https://edinburghnapiernews.com/2012/03/05/mild-winter-boosts-hydro-power/
https://wiki.uiowa.edu/display/greenergy/Hydroelectric+Power
1.2.3 Geothermal Energy
Geothermal energy is defined as the heat produced and stored in earth crust. This
is also one of the renewable energy source. Many parts of the world such as
United States (U.S), Indonesia, Philippines etc. In earth crust, 1031 joules of hear
is stored which is 100 billion times of the today’s world energy consumption.
Country like Iceland is producing 50% of its electricity through geothermal
power. In this case the steam of hot water and dry steam is allowed to flow
through turbines to produce electricity. The concern about release of toxic gases
Rounak A. Naphade
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such as ammonia, carbon di-oxide (CO2) and hydrogen gas (H2). Such gases
released from earth crust can have trace amounts of hazardous elements such as
Arsenic. Antimony, Mercury etc.[10]

Figure 1.5 shows the electricity production diagram from geothermal energy.
https://www3.epa.gov/climatechange/kids/solutions/technologies/geothermal.html
http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/howgeothermal-energy-works.html#.V48gJ9R97Gg
1.2.4 Biomass and Biofuels:
Biomass is biologically derived material like wood, agricultural waste, animal and
human waste etc. The energy from this biomass is called as ‘biopower’ as it has
stored energy which can be released as heat. Wood is invariably the largest source
of energy obtained from biomass. Figure 1.6 shows the biomass resources and
schematic of biofuel production from biowaste. The most conventional approach
is direct combustion of wood to produce high pressure steam. The biomass is
burnt in excess of air to heat water. This water is further converted into steam to
run turbine. United State is producing 50 billion KW/hr from biomass.

In

particular U.S. is mainly emphasizing on growing crops like ‘switch grass’ and
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‘bigblue stem’ which can be further harvested till 10 years. The grasses like sugar
can and elephant grasses in wet and hot climates in India, Hawaii, and Florida.
The main advantage of using this renewable energy source is that it can be used to
indirectly clean up the industrial, agricultural and municipal waste. The only
drawback here is the initial investment in such power plants is very high. In
addition biomass leads to emission of toxic gases in air. [11]

Figure 1.6 shows the process of biofuel generation from biomass resources.
http://www.biomassinnovation.ca/biomassandbioenergy.html
http://calag.ucanr.edu/Archive/?article=ca.v063n04p178
1.2.5 Solar Energy
Among all the renewable energy options the most viable choice to meet our
energy demand is solar energy as it is available in plenty and free of cost. The
power of the sun striking the earth is 120,000 TW per annum. This abundant solar
energy can be easily converted into useful electricity through light harvesting
devices. Such devices can be classified as follows:
 Solar Energy to Electricity (Photovoltaic)
 Solar Energy to Solar fuel (H2) (Photoelectrochemical water splitting)
Rounak A. Naphade
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 Solar based thermoelectric devices
 Solar heaters.
Current thesis mainly deals with the first topic of photovoltaic and in particular
about solar light harvesting. The direction of the work here was to mainly
emphasize on synthesizing the light harvesting agents which can be implemented
in existing solar cell architectures to enhance the overall light to current
conversion efficiency. The use of nanoscience and solar energy has combination
that has made the rapid emergence of novel technologies.

In the following

sections the brief introduction of photovoltaics is discussed along with the basic
working principle, fundamental issues, and challenges pertaining to these
applications is presented.

1.3 Solar Photovoltaics
The idea of conversion of solar energy into useful electricity is emerged from the
discovery of ‘Photo-voltaic effect’ observed by Becquerel in 1839.[12] It was
defined as ‘when light is shined on the interface between two solids or liquid
systems the photo voltage is generated across the interface. Hence all the photovoltaic devices are termed as p-n junction systems’.

Figure 1.7 shows the p-n junction formation at the interface.
http://www.electronics-tutorials.ws/diode/diode_2.html
Rounak A. Naphade

Page 9

PhD Thesis

AcSIR

Chapter 1

2016

At such interface, the electrons from n-type semiconductor diffuses to p-type
semiconductor and holes in vice a versa direction. This diffusion continues till the
large number of charge densities is created across the interface. This is called as
‘built-in potential’. This built-in potential further expands and produces ‘potential
barrier’ which is also called as ‘depletion region’. This is schematically explained
in Figure 1.7 In photo-voltaic solar cell, when light is incident on such interface,
the free electrons and holes are created with in and around the depletion region.
The built in potential at the interface, drives these charges in the opposite
direction leading to a photo-voltage. In this case, the p and n junctions are
connected to external load which carries the current.
The first practical demonstration of such concept was established in 1954 using
silicon solar cells. This photo-voltaic device showed 6% power conversion
efficiency.[13] Further this concept and technology has been modified in several
ways resulting in many generations of silicon solar cells. Non-silicon based
approaches were also explored and developed over the years.
1.3.1 Generations of Solar cells

Figure 1.8 shows the development of Solar cell generations [14]
http://www.heliatek.com/technologie/organische-photovoltaik/?lang=en.
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Figure 1.8 Shows the evolution and development of solar cell generations. To
begin with in this section we will discuss the development of first and second
generation solar cells in brief. However the current thesis deals with the third
generation solar cells, hence the later part is covered in detail.
1.3.2 Classic Silicon Solar cells (First Generation)
90% of current electricity production through photo-voltaic devices comes from
these first generation solar cells. These solar cells are single junction solar cells
which are typically made either from single-crystalline (c-Si) or poly-crystalline
(mc-Si) silicon wafers as shown in figure 1.9. These solar cells shows 18-20%
power conversion efficiencies for c-Si and 12-14% for mc-Si

[15]

These type of

solar cells are robust and most reliable and hence they dominate in current photovoltaic device based business market. The main drawback is the availability of
high purity silicon wafers. In addition the production of silicon wafers is
extremely expensive. Hence the overall cost for these solar cells is very high and
it affects the further expansion of this technology. This led the researchers to
come up with new concept of solar cells which are called as ‘thin film solar cells’.

Figure 1.9 images of poly-crystalline and mono-crystalline silicon solar cells.
http://www.tindosolar.com.au/learn-more/poly-vs-mono-crystalline/
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1.3.3 Thin Film Solar cells (Second Generation)
This type of solar cells utilizes amorphous silicon (a-Si). Cadmium telluride
(CdTe). Copper indium gallium sulfides (CIGS) etc as shown in figure 1.10. Thin
film solar cells are also single junction based devices. These materials are coated
on to the low cost glass substrates and further exposed to solar radiations. These
materials have better solar spectrum absorption as compared to silicon solar cells.
These solar cells can work efficiently in poor light conditions. Till today, CdTe
(20%),[16] CIGS (20%)[17] based thin film solar cells has shown promising photovoltaic conversion efficiencies. These materials can also be coated on to the
flexible and light weight substrates for flexible device applications. Although
evolution and development of this solar cells has reduced the cost up to some
extent but on commercial scale still this materials lacks in producing high
efficiency large area devices. The main problem is poor material reproducibility
and uniform thin film formation over large active area. In addition, these materials
are toxic and harmful to biological environment.

Figure 1.10 shows different classes of thin film solar cells.
http://www.solar-facts-and-advice.com/CIGS-solar-cell.html
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http://www1.gifu-u.ac.jp/~solar/module_e.html
http://www.che.rochester.edu/Projects/tanglab/research/cdte.html
http://phys.org/news/2011-03-laser-pulses-crystallize-amorphous-silicon.html
1.3.4 Organic/Hybrid Solar cells (third generation solar cells)
This third generation solar cells are mainly multi-junction solar cells. These solar
cells use either organic materials (polymers, small molecules etc.) or organic
materials in conjunction with the inorganic materials for photo-voltaic device
fabrication. Hence this generation solar cells are either called as ‘organic solar
cells’ or ‘hybrid solar cells’. The main advantage of these solar cells is that, they
are inexpensive and can be easily adopted in flexible device technology.[18]
Figure 1.11 shows the layer by layer architecture and bulk heterojunction type
organic solar cells.

Layer by layer solar cell

Bulk heterojunction solar cell

Figure 1.11 shows the layer by layer and bulk heterojunction architecture of
organic solar cells.
http://www.cstf.kyushu-u.ac.jp/~adachilab/lab/?page_id=3927
The development of organic solar cells is described here in brief. The single layer
organic solar cell was made by sandwiching photo-active polymer (PPV) between
two conducting electrodes (ITO and Al). Under sun light illumination, the exciton
is separated at the two electrodes due to difference in their work function. This
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solar cell gave 0.1% conversion efficiency.[19] Similarly, bilayer organic solar
cells were also explored by making bilayer of PPV and C60 molecule as electron
donor and electron acceptor respectively. This type of solar cells showed 1%
efficiency.[20] The main reason for low efficiency is the short diffusion length of
charge carriers which leads to excess of recombination. Further the third
approach, bulk heterojunction (BHJ) solar cell was introduced. In this case, the
electron donor and electron acceptor are mixed together to form a blend. The
constitution of blend is appropriately chosen such that, the diffusion length of
exciton matches well with the thickness of photo-active layer. In this case, due to
favorable work functions of conducting electrodes, the electron and holes are
pulled in the opposite direction generating photo-voltage and current. A very good
example of BHJ solar cell is Spiro-OMeTAD as hole transport medium and
Silicon nanorods as electron transporter with a power conversion efficiency of
10.3 % [21]
In addition to organic photovoltaics, in this generation hybrid solar cells were also
developed

in

which

both

organic

and

inorganic

semiconductors

are

simultaneously used for making multi-junction solar cells. In this case, the
organic part is conjugated polymers, dyes etc which mainly absorbs the solar
radiation and transports the holes while the electron transport occurs mainly
through inorganic part. These hybrid solar cells are mainly classified as : Polymer
solar cells, Dye sensitized solar cells (DSSC) and Quantum dot solar cells
(QDSC). Polymer solar cells mainly involve the photo-active polymers such as
P3HT, MEH:PPV etc which has extended conjugation.[22] These polymers are
also mixed with quantum dots such as CdS, CdSe etc. to produce hybrid solar
cells termed as ‘polymer-nanocomposite solar cells’. Such nanocomposite
approach helps in better charge transfer processes.Amongst this third generation
technologies of solar cells, the Dye sensitized solar cells stand out the most
promising technology for their unique device architecture and the major part of
current thesis deals with the architectural modifications of DSSC solar cells. The
DSSC technology is discussed in more details in next sections.
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1.4 Dye Sensitized Solar cells (DSSC)
This is one of the most popular third generation solar cells as it is the most
efficient technology at a low cost. In early 90’s the sensitization of wide band gap
semiconductors were very popular in terms of charge transfer process
investigations. This basic idea was converted into the real device by a seminal
publication which was published in Nature in 1991 by Brian O’ Regan and
Michael Gratzel.[23] In this report, they have showed the use of porous TiO2 film
sensitized with the dye molecules as an electrode for solar cells. Due to high
porosity the large surface area was available for dye adhesion and which lead in
tremendous enhancement in the photocurrent. In this report, the authors have
managed to show the 7.1% power conversion efficiency which later pushed to
13%[24] by collective efforts. Over the year the device architecture is also been
improved. These solar cells have also shown remarkable performances on large
area applications as well.
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1.4.1 Working Principle:

Figure 1.12 shows energy level diagram of DSSC. Reprinted with permission
from ref. no. 25
In this device architecture, there are two electrodes viz photo-anode (Working
electrode) and photo-cathode (Counter electrode) as shown in the Figure 1.12
The working electrode comprises the metal oxides such as TiO2, ZnO and SnO2
based nanoparticles film coated onto the transparent conducting oxide (TCO).
This film is further loaded with dye molecules which are used as sensitizers. The
counter electrode is platinum coated on TCO. These two electrodes are pressed
together and liquid electrolyte is poured in between which helps to access the
holes in external circuit. In principle, when light is irradiated on DSSC, the dye
molecules absorb solar radiation and gets excited, this result in transfer of electron
from HOMO of dye molecule to LUMO. Later the excited electron is transferred
to the conduction band of TiO2 on to which these dye molecules are anchored.
Further this injected electron from dye molecule to TiO2 follows a diffusion
mechanism and gets transferred to the TCO through TiO2 nanoparticles.
Meanwhile, the oxidized dye molecule gets regenerated by electron which is
supplied by redox couple of iodine/triiodide species of electrolyte.
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1.4.2 Basic components of DSSC:
The architecture of DSSC is shown in figure 1.13. It consists of several
components as follows

Figure 1.13 schematic architecture of DSSC.
https://photochemistry.wordpress.com/2009/08/17/dye-sensitised-solar-cells-dssc/


Transparent conducting Oxide (TCO) substrates: Fluorine doped tin
oxide (FTO) coated glass is widely used as the TCO for DSSC fabrication.
Such glass substrates offer very low sheet resistance of 10-15Ω/cm with
the visible light transparencies greater than 70%. This substrate is also
used for counter electrode formation.



Working Electrode: working electrode is devised by coating 10-15μm
thick porous metal oxide (for e.g. TiO2) nanoparticle film. Different
morphologies of TiO2 such as one dimensional nanofibers, nanowires,
nanorods, nanotubes and two dimensional nanosheets have great potential
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for high performance DSSCs.[26] In addition, metal oxides such as ZnO
and SnO2 have also been used as working electrodes.[27-28]


Sensitizers: The dye molecules used here should be able to absorb light
over a entire visible spectrum. Working electrode is dipped in dye solution
for dye anchoring. Standard dyes used for high efficiency solar cells are
N719 and N3.[29]



Counter electrode: It is generally platinum nanoparticles coated FTO
substrate. Other materials such as functionalized graphene,[30] carbon
nanofibers,[31] sulfides, carbides[32] conducting carbon cloth[33] have also
been explored as counter electrode.



Electrolyte: It is a redox couple dissolved in organic solvents which is
used to regenerate the oxidized dye molecules. Iodide/triodide (I-/I3-) is
used as electrolyte for DSSC which gives very low fundamental energy
loss.[34] Variety of other redox couples such as Br-/Br3-, SCN-/(SCN)2,
SeCN-/(SeCN)3-, and Co(II)/Co(III) complex.[35]

1.4.3 Performance parameters for DSSC
In this section, we have discussed the important parameters that characterize the
photo-voltaic performance of DSSC. A typical J-V curved obtained during DSSC
measurement is shown in figure 1.14


Open Circuit Voltage (Voc) :

This photo-generated voltage is the difference between the Fermi level of TiO3
and the electro-chemical potential of the electrolyte.

The mathematical

expression for Voc is given as

Voc = ECB/q + kT/qln (n/NCB)-Eredox/q

(Volts)

Where ECB is the conduction band edge energy for TiO2. ‘n’ is the concentration
of injected electrons in TiO2. Eredox is the redox potential of electrolyte used.
Therefore we can conclude that, the maximum Voc is DSS is mainly dependant
on the dye molecule absorbance as it decides the value of ‘n’. The semiconductor
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quality of TiO2 will be functional in deciding the value of trap state density (NCB)
. Experimentally Voc can be measured by measuring the potential difference
between working and counter electrodes when cells are illuminated under
sunlight. The condition of infinite load is considered between two electrodes
when no current flows in external circuit. It can also be obtained by taking X intercept of J-V curve.

Solar cell

R

1)R = 0
V = 0; I = Isc
2)R =∞
I= 0
V = Voc

Figure 1.14 shows the J-V curve and parameters of solar cell
characterizations.


Short circuit current density (Jsc) :

This condition is achieved at zero load resistance between working and counter
electrode under illumination. It is the Y-intercept of J-V curve. The Jsc values are
mainly dependent of the spectral response of sensitizers. Jsc is majorly affected
by the side reactions taking place in the solar cells under illumination such as
recombination, back electron transfer, slow diffusion of electrons etc. Therefore
dye designing with the appropriate HOMO-LUMO levels and maximum visible
light absorption coefficients is the ongoing research area in DSSC.


Fill Factor (FF):

It is the ratio of maximum power output from solar cells to the product of open
circuit voltage (Voc) and short circuit current density (Jsc). The fill factor can be
expressed as

FF = Vmax * Imax/ Voc * Isc
Rounak A. Naphade

Page 19

PhD Thesis

AcSIR

Chapter 1

2016

Vmax and Jmax can be obtained by the maximum power point on J-V curve of
solar cells. The fill factor represents the degree of rectangular nature of J-V curve.
Fill factor of solar cells is also dependent on two important factors viz series
resistance (Rsc) and shunt resistance (RSH). The series resistance is obtained by
the sheet resistance of TCO, bulk resistance of solar cells and contact resistance.
Hence as the Rsc value increases the JSC and Voc values drops down which in
turn affects the overall fill factor. The series resistance can be calculated by taking
the reciprocal of slope of J-V curve at Voc condition. The recombination of
charges leads to loss of photo-current; the resistance to this recombination is
called as shunt resistance. (RSH). The resistance to recombination of photogenerated charge carriers should be as high as possible in order to achieve
maximum power conversion efficiency. RSHcan be obtained by taking the inverse
of slope on J-V curve at Jsc condition.


Efficiency:

Mathematically it is the ratio of maximum obtainable power from DSSC to the
input solar radiations power.

Efficiency (%) = (Voc * Isc * FF) / Pin
The standard condition for the efficiency measurement of DSSC is under AM1.5
Global solar irradiance (100mW/cm2) and at a temperature of 250C.


Incident Photon to current conversion efficiency (IPCE):

The incident photon to current conversion efficiency measures the efficiency of
solar cells in terms of producing photo-generated charge carriers at a given
wavelength over the It is the numeric ratio of incident photons to the no of charge
carriers generated as a function of excitation wavelength.
The mathematical expression for IPCE is given as,
IPCE(λ) = 1240 * Jsc/ λ * Φ
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Jsc is the short circuit current density (mA/cm2)., λ is the excitation wavelength
(nm) and Φ is the incident radiation flux (W/m2). In the case of DSSC this term
can be defined as,
IPCE (λ) = LHE (λ) * Φ (inj) * η (coll)
Where LHE (λ) is defined as the light harvesting efficiency of photons at a given
wavelength (λ), Φ (inj) is the electron injection efficiency of the excited dye
molecules to the oxide conduction band and η (coll) is the fraction of injected
charges to the total number of excited charges which are successfully reached to
the back contact.
1.4.4. Kinetics of charge carriers in DSSC
Under illumination, the kinetic competition between the carrier generation and its
recombination decides the efficiency of solar cells. At different time scales,
various photo generated processes takes place in solar cells. The kinetics of
various processes is shown in figure 1.15.

Figure 1.15 kinetic of various processes involved in DSSC. Reprinted with
permission from ref no. 36
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From this figure we can see, upon illumination, the dye molecules gets excited
and injects the photo-excited electrons in the CB of TiO2. This process takes
about 100 femtoseconds. Further the dye molecules gets relaxed in few tens of
nanoseconds and the regeneration of dyes occurs within few microseconds. Thus
the electron injection is a faster process compared to regeneration of dyes which
mainly avoids recombination of photo generated charge carriers. The injected
electron in TiO2 has to travel the whole thickness before reaching to an electrode.
It has been demonstrated that, the injected electrons pass through TiO2 by the
diffusion mechanism.[37-38] Hence the electron transport to the conducting
electrode is a very slow process and hence it is mainly called as rate determining
step. These injected electrons face many resistances in terms of surface states,
grain boundaries of TiO2 matrix. In addition to this, the recombination of charge
carriers is also one of the major drawback for high performance DSSC. To
overcome these drawbacks one dimensional nanostructures such nano-rods,
nanofibers, nanotubes or nanoneedles kind of morphologies of metal oxides needs
to be explored.[39] In case of such one dimensional (1D) nanostructures electron
diffusion length can be increased much higher than the nanoparticles. In addition,
such 1D nanostructure has lower number of grain boundaries and defects as
compared to nanoparticles which facilitates the electron transport and reduces the
interfacial recombination.

1.5 Light Harvesting in DSSC
This section briefly explains the modifications in the device architectures of
DSSC in order to enhance the overall light trapping inside the device. The ability
to trap the light efficiently enhances the overall performance of the DSSC.
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Figure 1.16 shows the double layer structure of DSSC. Reprinted with
permission from ref no 41.
As mentioned in figure 1.16 the first thin layer coated on to the TCO is called as
electron blocking layer which prevents the back contact of liquid electrolyte with
conducting electrode. On top of that, the mesoporous layer of TiO2 nanoparticles
of about 15-20 nm is coated. The thickness of this layer is about 12-15μm. The
formation of this layer is very crucial as it mainly governs the overall
performance of DSSC. The third layer coated on top of mesoporous layer is
usually called as ‘light scattering/harvesting layer’ which is made up of either
bigger sized TiO2 nanoparticles (up to 400 nm) or other structural morphologies
of TiO2 such as , nanofibers, nanoflowers, nano-beads, nano-leaves etc. This
configuration of DSSC is called ‘double layered structures’.

[40]

This type of

architectures is mainly shown to improve the overall photocurrent of the device.
1.5.1. Light Scattering layer
As the efficiency of DSSC is mainly dependent on the efficient trapping of light
inside the device; the engineering in the device architecture of DSSC was
implemented firstly by Akira Usami et al.[41] wherein they demonstrated the use of
larger TiO2 nanospheres as light scattering layer. The importance of such layer is
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that it can interact with the visible light and can trap the light efficiently inside the
mesoporous layer of TiO2. This increases the overall path length of light inside
the device resulting in more absorption of light by dye molecules. In scale up of
DSSC based devices, the decrease in the overall efficiency is a big challenge
hence implementation of light harvesting layer is an effective and practical
approach
Light is a form of energy which has dual particle and wavelike nature. Scattering
of light is defined as a process in which the light redirected when it encounters an
obstruction. Based on this approach the light scattering process is fundamentally
classified into two theoretical approaches such as Rayleigh scattering and Mie
scattering.
1.5.1.1. Rayleigh Scattering theory:
This theory was formulated by the British physicist Lord Rayleigh. This theory
describes the elastic scattering of light (electromagnetic radiation) by non
absorbing spherical particles which are much smaller in dimensions than the
incident wavelength. This is an elastic scattering process hence it does not affect
the state of mater after scattering. This type of scattering is predominately
observed in the gases. In elastic scattering process, the frequency of scattered light
is similar to the incident radiation. In Rayleigh scattering the scattering cross
section (x) is given as

2𝜋𝑟
𝜆

where ‘r’ is particle radius and ‘λ’ is the scattering

wavelength.
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Figure 1.17 shows the blue color sky and the schematic process of Rayleigh
scattering
Rayleigh scattering of sun light due to tiny dust particles in the atmosphere is the
main reason for blue color of the sky. In atmosphere the randomly located
particles interact with the sun radiations, the Rayleigh scattering cross section is
inversely proportional to the fourth power of wavelength. (λ-4) Which means the
short wavelength will scatter more as compared to the longer wavelength in the
solar spectrum. Due to ozone layer, the UV component of the solar spectrum gets
absorbed in the outer sphere. Hence among the visible spectrum blue light
scattering cross section is very high. This is the main reason sky appears like blue.
This phenomenon is successfully used optical fibers based technology.
1.5.1.2. Mie Scattering theory:
Mie theory is used for explaining the light scattering behavior from particles of
materials which either absorb light or non-absorbing in nature. When the particle
size becomes larger i.e. around 10% of the incident radiation wavelength then the
Rayleigh theory does not come into account. Mie theory is applied to find the
intensity of scattered radiation when the particle sizes are comparable to the
incident wavelength. The solutions to find Mie scattering efficiency is given by
Qscattering =

(𝜎)𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔
𝜋𝑟2

Where (σ) scattering is mathematical function denoted as
2
2
σsct = ∑∞
𝑛=0(2n + 1)(|an| + |bn|

Where an and bn mathematical functions.
The application of these mathematical solutions has later helped in understanding
various forms of materials such as biological tissues, latex paints, colloidal
systems like milk, metamaterials etc. This theory is used to optically characterize
the normal tissue cells and cancerous tissue cells.
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1.5.2 Use of nanostructures as light scattering agent:
Hore et al demonstrated the very novel aspect of creating the scattering centers
inside the TiO2 film for efficient light harvesting in solar cells. They have shown
the use of Polystyrene beads as sacrificial layer inside the TiO2 paste. Upon
sintering these beads was melted and the spherical voids were created inside the
mesoporous TiO2 film matrix. Such voids act as good light scattering sites
resulting in overall 25% enhancement in the solar cell efficiencies.[42] Similarly
later use of TiO2 nanowire-nanoparticle composites, nanofiber-nanoparticle
composites was also explored.[43-44] Inclusion of such one dimensional TiO2
nanostructures have shown better light scattering abilities. P. Joshi et al has shown
that the combination of TiO2 nanofibers and TiO2 nanoparticles results in
enhancement of the light harvesting ability of the photo anode without sacrificing
the dye loading.

[45]

Later various groups have worked on different TiO2

morphologies in order to achieve high performance DSSC. Nakayama et al
showed use of electrophoretically deposited TiO2 nanotubes as light scattering
agent and achieved 7.53% overall efficiency.[46] Introduction of corn like TiO2
nanowires also resulted in 7.1% efficiencies for solar cells.[47] Yoshikawa et al
used electrospun 1D TiO2 nanofibers as light scattering agent and an efficiency of
8.14% was reported on 0.25cm2 active area.[48]
In present thesis, we have mainly emphasized on the light harvesting aspect of
DSSC by incorporating one dimensional nanofibers of TiO2 and gold loaded TiO2
nanofibers.
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Figure 1.18 shows the various DSSC architectures using one dimensional
TiO2 as light scattering layer. Reprinted with permission from ref no. 49

1.6 Introduction to Organic Inorganic Hybrid Perovskite
semiconductors
Perovskite is a class of crystal structure which possesses same structure as that of
calcium titanate (CaTiO3). This compound was discovered by Russian
mineralogist Lev Perovski in 1839.[50] The perovskite can be broadly classified as
zero, two and three dimensional systems.[51] But the crystal structure with the
general formula ABX3 (3-D perovskites) or A2BX4 (2-D perovskites) are actively
investigated. In addition there are other crystal structures also present such as
A6BX5 (1D crystal framework) and A4BX6 (0D framework) but such systems are
less explored In all the above mentioned crystal structures, A can be inorganic or
organic cation, B is the metal cation and X is an anion either from halogen family
or oxygen. The class of inorganic perovskite crystal systems (ABO3) has shown
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successful applications as high –k dielectrics, ferroelectric materials, piezoelectric
materials etc.[52]
Recently Organic inorganic hybrid perovskite are also been explored in the
context of optoelectronic applications. They have inorganic halide framework
connected through organic molecules. They are of mainly two types: threedimensional perovskites (3D) and two dimensional layered perovskite (2D)
1.6.1. Three dimensional Perovskite (3D):

A
B
X

Figure 1.19 shows the unit cell arrangement and extended crystal structure
formed by corner shared octahedrons of BX6 units. Reprinted with
permission from ref. no. 53
In case of three dimensional (3-D) perovskites with crystal structures ABX3 A is
organic cation, B is metal ion and X is halogen. The organic cation ‘A’ used is a
small monovalent moiety such as Methylammonium (CH3NH3+), formamidinium
(HN=CHNH3+) or inorganic cation such as Cs+ is used in this case. [54-55] The
general crystal structure for 3D perovskite is shown in figure 1.19. The perovskite
framework consists of BX6 octahedra with A cations occupying the holes within
the structures and counterbalances the charge of BX3. This class of perovskites is
nowadays referred as ‘perovskites’ by scientific community. In the recent past,
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researchers in the optoelectronic domain are actively investigating these
perovskites for their fascinating optoelectronic properties.
In the year 2012, use of these materials in the solar cells as an absorber layer
suddenly realized the power conversion efficiencies above 10% which is now
above 20% (NREL certified) by the end of June 2016.[56-57] This class of materials
has contributed in this sudden rise of efficiencies. These materials are
economically cheap and it can be easily processed by low temperature solution
processed routes. Later various optoelectronic applications have been explored
including solar cells, Light emitting diodes (LEDs), Lasers and water splitting. [5861]

Pb

6p 5d

1.5eV
I

2.3eV

5p MAPbI

3.2eV

3

Br

4p MAPbBr 3

Cl

MAPbCl
3p
3

Figure 1.20 (a) shows the band diagram for methylammonium lead halide
(MAPbX3) based perovskite. Figure 1.20 (b) shows the band gap tuning of
MAPbI(3-x)Brx based mixed halide perovskite. Figure 1.20 (b) is reprinted
with the permission from ref. no. 62
In addition to the easy solution processability of these perovskites, they posses
excellent optical and electronic properties. In addition, these perovskites has low
defect

densities and

very low non-radiative recombination and high

photoluminescence quantum yield. Figure 1.20 (a) shows the band gap formation
in Methylammonium lead halide based perovskites. The conduction band is
mainly contributed by the Pb (6p and5d) orbitals whereas the halogen atoms
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contribute in valance band formation. Hence these hybrid perovskites possess
easy band gap tunability. Partial halide ion substitution is a very easy approach for
band gap tuning in these perovskites. M.D. McGhee et al has shown band gap
tuning in Methylammonium lead iodide and Methylammonium lead bromide
based perovskites.[58] Figure 1.20 (b) shows the band gap tuning from 2.3eV to
1.5eV by doping of Br- ion in MAPbI3 based perovskite.
1.6.2 Two dimensional layered perovskite (2D):

Figure 1.21 shows the interconversion between 2-D layered perovskites and
3-D perovskites. Reprinted with permission from ref no. 65
This class of perovskites is extensively studied by David Mitzi et al mainly in the
context of light emitting diodes and field effect transistors.[63-64] The crystal
structure ABX3 for 3-D perovskites is rigid whereas the lower dimensional
perovskites are more flexible and allows easy access to the structural tunability. If
the 3-D perovskite crystal structure is cut into the slices and these slices are
connected via long alkyl chain amines based ligands as shown in figure 1.21, then
resulting class of perovskites is called as ‘Two dimensional layered perovskites’
(2-D perovskites)
This class of perovskites has no structural limitations and it allows the use of
variety of long chain alkyl amines.
Rounak A. Naphade

Page 30

PhD Thesis

AcSIR

Chapter 1

2016

Figure 1.22 shows the layered perovskite structure with mono-amine (RNH3) and di-amine (NH3-R-NH3) as intercalating organic molecules.
Reprinted from ref. no. 53
The most common organic cations used for 2-D perovskite are mono- or diammonium cations which gives general formulas as (RNH3)2BX4 or
(NH3RNH3)BX4. as shown in figure 1.22 The inorganic metal halide
semiconductors form a layer which is separated by the large band gap organic
molecules as spacer. These 2-D perovskite are naturally self-assembled in layered
arrangement where the corner shared BX6 octahedrons are separated by the
intercalating organic molecules. The overall arrangement results in alternate
stacking of inorganic layers and organic molecules interaction.

Valence band

Conduction band

Eg ~ 2-3eV

Inorganic layer
Organic layer

E ~ 5-6eV
Eg ~ 2-3eV

Figure 1.23 shows the quantum well structure formation due to alternate
arrangement of inorganic and organic layers in 2-D layered perovskites.
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The dielectric mismatch between inorganic material and organic molecules has
resulted in the formation of multiple quantum well structures as shown in figure
1.23. These types of quantum well structures demonstrate very high room
temperature exciton binding energy (300- 400 meV). Such systems show narrow
absorption and emission bandwidths. The photoluminescence in such systems is
mainly due to exciton formation and recombination.

Figure 1.24 shows the schematic presentation of layered perovskites with
general formula A’2An-1BnX3n+2 Reprinted with permission from ref no. 53
Higher order layered perovskites which are combination of 3D and 2D
characteristics can also be obtained when mixture of cations is used for
intercalation. The general formula can be rewritten as A’2An-1BnX3n+2 where A’ is
(CH3NH3+, Cs+ or HN=CHNH3+ which is capable of forming 3D perovskite) and
A can be long alkyl chain amine (R-NH2) for intercalation.
These kinds of system provide structural freedom which generates new
possibilities to manipulate the photo physical and electronic transport properties
beyond conventional 3D perovskite systems.
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1.6.3 Zero dimensional perovskite (O-D):
When the alkyl amine use as intercalation agent isolates the individual
octahedrons which results in zero dimensional perovskites. This class of
perovskite compounds contains isolated octahedra of BX6 units. The general
crystal structure formula can be given as A’2An-1BnX3n+3.[65] In literature few
reports have shown the formation of 0-D perovskites. Such compounds show very
low stability under ambient conditions. Y.Takeoka et al has shown the formation
of 0-D perovskite using cyclic amines (piperazine) and lead bromide.[66] Similarly
S.Couris et al has shown that, on dilution of 2-D layered perovskite A2PbI4 where
(A = 4-flurophenethylamine) the absorbance of solution is shifted from 512 nm
to 360nm.[67] This shift in absorbance was attributed to the formation of isolated
PbI6 octahedrons on dilution.

Figure 1.25 shows the conversion of 3-D perovskites into 0-D perovskites by
intercalation. Reprinted with permission from reference no 65.

1.7 Applications of Hybrid Perovskites:
In last few years the research on hybrid organic inorganic perovskites based
semiconductors has been intensively pursued as these materials posses advantages
such as easy processing methodologies, tunable bandgaps and superior charge
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transport properties. Various solution processible routes and film deposition
processes are explored for controlling the morphologies of these semiconductors.
This section covers the different optoelectronic applications of hybrid perovskite
based materials.
1.7.1 Hybrid Perovskites in Solar cells:

a

b

Figure 1.26 (a) shows the FE-SEM cross section image of perovskite thin film
solar cell and (b) shows the efficiency progress chart for last 20 years.
Reprinted with permission from ref no 68 and 69.
3-D perovskites are most commonly explored class of perovskites for solar cell
applications. Methylammonium lead halides (MAPbX3 where X can be Iodine,
bromine and chlorine) are most commonly used materials. The optical band gap
of these perovskites is in between 1.5eV to 3eV depending on the halide content.
Methylammonium lead iodide (MAPbI3) with a band gap of 1.5-1.6eV is
intensely investigated for solar cell fabrication as it absorbs the entire visible
spectrum. Figure 1.26 (a) shows the FE-SEM cross section of perovskite solar
cell. Figure 1.26 (b) shows the efficiency of jump for perovskite solar cells in last
5 years. In 2009, Prof. Miyasaka’s group for the first time showed the use of this
class of materials as light absorbers in DSSC architecture. In this report, they used
8-12μm thick TiO2 film and perovskite precursor were spin coated. This group
has reported 3.8% power conversion efficiency for MAPbI3 based perovskite
solar cells with liquid electrolyte.[70] Further Prof. N.G.Park and co-workers
improved this efficiency via optimization of TiO2 surface and reported 6.5%
efficiency with liquid electrolyte.[71] Later in 2012, Prof Henry snaith’s group
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from Oxford University used solid state hole transporting material spiroOMeTAD and demonstrated 10% power conversion efficiency. [72]
Later upon detail investigation of properties of perovskites it was realized that, the
charge extraction rates were significantly faster than conventional dye sensitized
based solar cells. Hence later mesoporous Al2O3 was used to construct the
perovskite based solar cells. Al2O3 is insulating in nature. The results based on
these solar cells demonstrated that, photocurrent was unaffected while the opencircuit voltage was increased by 200-300 mV. This solar cell showed 10.9%
efficiency.[73]
Many methodologies were later explored such as, two step deposition
assisted thermal evaporation
[77]

[75]

, Pulse laser deposition

[76]

[74]

vacuum

hot spinning process

to improve the morphology and coverage of perovskite thin films.

Recent development in the field of perovskite based solar cells has shown the
remarkable certified efficiency of 22%
1.7.2 Hybrid Perovskites in Light emitting diode:

Figure 1.27 shows the Light emitting diodes fabricated using MAPbI3 (red)
and MAPbBr3 (green) as emissive layer. Reprinted with permission from ref
no. 78
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Perovskites are also making their definitive progress as promising light emitting
diode materials. The ability of easy band gap tunability and the amplified
spontaneous emission has helped in demonstration of light emitting diodes in the
infra-red region to green wavelength region. [78] One of the major concept recently
emerge goes on to convey the message that, a good solar cell should be a good
LED.

[79]

Hence hybrid perovskites have transitioned from a good solar cell

material to a good light emitter. The intrinsic properties of this semiconductor
such as high photoluminescence quantum yield (greater than 70%), high color
quality and easy color tunability makes them suitable alternative for the next
generation LED applications. In addition, these materials can be easily solution
processed which reduces the cost of manufacturing as well. Compared with the
existing LED technologies such as Quantum dot based light emitting diodes
(QLEDs) or Polymer based light emitting diodes (PLEDs) the perovskite based
LEDs are much easier in terms of fabrication of devices. The device fabrication
methodologies in this case can be easily transferred on to the large scale
applications.
The intrinsic properties of these hybrid perovskites such as high electronic
mobilities, high optical absorption and emission, ambipolar charge transport, high
photoluminescence quantum yield, low exciton binding energies (In case of 3D
perovskites) have made them very suitable for light emitting diode applications.
In this thesis, we have mainly emphasized on modifying the perovskite
luminescence ability by using a novel additive mediated solvent recrystallization
approach.

1.8 Lead free Perovskites:
Lead (Pb) being a toxic element, uptake of the high performing Pb based
optoelectronic devices (solar cells, lasers and LEDs) is difficult. Therefore,
looking for Pb free perovskite alternatives is a new challenge for perovskites
based optoelectronics community.

[80]

. Recently, Pb-free alternatives such as use

of Tin (Sn), Germanium (Ge), Bismuth (Bi) have been actively investigated [81-82]
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Solar cells based on CH3NH3SnI3 perovskite have been shown remarkable
performance. The open circuit voltages obtained using these cells are close to
their Shockley–Queisser Limits [83], Recently, bandgap tunability similar to the Pb
based perovskites by variation of the halide and the cation has been demonstrated
in Sn based perovskites

[82]

. This opens up new opportunities for research in

optoelectronic devices.

1.9 Plan for the thesis:
Photo-voltaic and optoelectronic device based research aimed at making high
efficiency low cost solar cells, and highly luminescent light emitting diode (LED)
based devices is a rapidly evolving area of research. The rapid growth in device
performance is realized through the use of low dimensional nanostructures which
possess unique properties and influence the device performance. The present
thesis deals with exploration of various solution processible routes for making the
nanostructures which are useful in the photo-voltaic and optoelectronic
applications.
The second chapter presents the methods of synthesis, characterization and device
fabrication used in this work, namely electrospinning. Different measurements
used to study the structural and optical properties of nanostructures are discussed
as well.
The third chapter presents the synthesis TiO2 and gold nanoparticles loaded TiO2
nanofibers by electrospinning process. Further these nanofibers were used as light
harvesting agent in DSSC application. Use of Au-TiO2 nanofibers demonstrated
the overall 25% enhancement in the solar cell efficiency as compared to the
control solar cell.
The fourth chapter presents the use of modified liquid in liquid electrospray
process in conjunction with anti-solvent solvent extraction for the synthesis of
low dimensional quantum structures especially 2-D nanosheets of CH3NH3PbI3
and CH3NH3PbBr3 based layered perovskites. The optical properties of these, as
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formed, colloidal nanostructures have shown the band gap tunability over the
entire visible range. We have also studied the compositional tailoring by mixing
the as formed perovskite precursors before electrospraying. This has shown
tunability in luminescence over a broad range of visible spectrum.
The fifth chapter presents we present a novel additive mediated recrystallization
approach for making highly luminescent perovskite films with less electronic
disorder. Quaternary alkyl ammonium halide salt solution was dispensed on to the
perovskite films during formation. Our results showed that additive treated films
had 250 times higher luminosity as compared to untreated films. The additive
treated films show less electronic disorder in terms of Urbach energy which was
reduced from 38meV to 18meV. The photoluminescence quantum yield was
enhanced from 1% (for untreated film) to 30% (for additive treated). Further we
have demonstrated the use of this approach to make light emitting diode (LED)
applications.
The sixth chapter presents the conclusions of the work presented in this thesis and
the future scope for further work.
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Chapter 2

Experimental Methods, Characterization
Techniques and Device Fabrication

This chapter covers the synthesis techniques, characterization tools, device
fabrication and device testing protocols used in this thesis. The process of
electrospinning for making nanofibers and later colloidal systems is
discussed at length. The modification of electrospinning process used in this
thesis is discussed in later part. Characterization techniques used for
elucidation of the structure, composition and optical properties of materials
are covered in details. The Dye sensitized solar cell (DSSC) and Perovskite
based light emitting diode (LED) fabrication protocol is given towards the
end of this chapter.
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Introduction: Researchers are deeply interested in studying the structural and
optical characteristics of materials in order to apply it further for related
applications. To know these properties, various spectroscopy techniques have
been explored which can derive the structure and other interesting information
from the product. Also, the characterization of a material is very essential to
determine its quality and composition. This chapter gives a description of the
various experimental techniques used in carrying out the different experiments
reported in this thesis.
Section I
2.1 The Electrospinning Technique
One dimensional nanostructures posses very own advantages such as, high aspect
ratio, unidirectional electronic transport and continuous channels. The synthesis
of one dimensional nanostructure can be easily achieved by various chemical
synthesis routes such as hydrothermal synthesis, vapor phase growth, selfassembly approach, and electrospinning. Electrospinning is very versatile and
popular technique for making one dimensional nanostructures at research lab
scale as well as at industrial scale. In this section we have discussed the brief
history, working principle, different categories of electrospinning and the
applications in various fields.
2.2: Electrospinning
Since the last decade electrospinning has emerged out as technologically viable
manufacturing process. Using this method we can produce continuous one
dimensional nanofibers (NFs). Research community as well as industries in
various sectors such as tissue engineering, energy storage, photovoltaic, flexible
electronics, and membrane science are using this versatile process

[1]

Nanofibers

ranging from few nanometers upto several microns can be produced using this
technique. This method is also applicable for natural as well as synthetic polymers
and its composite with ceramic nanofibers.
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Figure 2.1: Electrospinning set up. Reprinted with permission from reference
No 28.
Further this process has shown promising applications for making isolated single
nanofiber as well as aligned mesh of nanofibers.. The figure 2.1 shows the
nanofibers formation process. The dimensions of these nanofibers are even orders
of magnitude less than human hairs. Such nanofibers posses very surface area to
volume ratio making them suitable for range of applications.
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Figure: 2.2 The electrospinning jet and NF formed on collector[2] Reproduced
by the permission from ref no. 2
2.2.1 History of Electrospinning
The weaving process or the spinning tools are known since many centuries.
Especially in India, the mechanical spinning tool was used to make fabrics.

[3]

In

literature reports suggest that, electrospinning is established since 1745, at that
time it was known as electrostatic spinning.[4] Later around 1902, scientist J.F.
Cooley and W.J. Morton, patented this process of electrospinning.

[5,6]

Anton Formhals developed this process towards its commercialization.

In 1934,
[7,8]

The

first commercialized application of this technique was in the filtration membrane
domain.[9] Later many contributions explored this technique for variety of
applications. Numerous patents and research publications were reported in the
following years which reflect the versatility of this technique in research domains.
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2.2.2 Electrospinning process & working mechanism
The electrospinning set up usually consists of,
a. High voltage DC power source
b. Syringe pump
c. Syringe with needle. The positive terminal is connected to syringe tip.
d. Collector which is grounded.
The current electrospinning set ups are either horizontal of vertical in
arrangements. The diameter of nanofibers is mainly dependent on the needle
diameter as it decides the volume of fluid droplet. The applied voltage lies in the
range of 10-50kV. The distance between needle tip and collector can be adjusted
as per the requirement. In the presence of applied electric field the polymer fluid
droplet gets stretched and it results in nanofibers.. The concentration of polymer
solution can be adjusted based on the molecular weight of polymer. Polymer
solution is loaded in the syringe which is further fixed in the syringe pump.. When
the polymer droplet experiences the electric field, the drop gets stretched up and
results in cone formation. This cone is called as ‘Taylor cone’. In presence of high
electric field the droplet stretching and jet formation results in nanofibers of
polymers which gets deposited on to the collector. During the stretching process
due to sudden elongation of polymer droplet the quick evaporation of solvent
takes place. As synthesized nanofibers through this process are mainly randomly
oriented and in the form of self-supporting mat.
2.2.3 Aligned Nanofibers
During electrospinning due to taylor cone formation randomly oriented fiber mats
are deposited. Alignment of nanofibers in certain direction has always been a
challenge for researchers. Towards this, rotating cylindrical collectors in the form
of drums, circular disks have been explored. The first use of rotating collector was
demonstrated by the Boland et al

[10]

In coming years many different possibilities

were explored for fiber alignment. An interesting approach of using electrodes
with a small gap was demonstrated by Li et al to align the fibers in between the
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gap. [11] Using this way single fiber based nanodevices can be made. Later various
advantages such as ‘near field electrospinning’, ‘core-shell nanofibers’ using coaxial syringe is also been investigated.

Figure: 2.3 show the formation of aligned nanofibers using rotating drum
collector.
http://www.yflow.com/electrospinning-equipment/professionalelectrospinning-equipment-packs/
2.2.4 Core shell Electrospinning

Figure 2.4 shows the schematic of core shell electrospinning process.
Reprinted with permission from ref no. 14
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It consists of two independent syringes filled with different polymer solutions.
Use of concentric nozzle connects the two syringes and the polymer droplets as
core shell comes in the applied electric field. In applied electric field, the
individual polymer jet forms core and sheath to produce core-shell nanofibers.
This process is very effective in terms of applications for e.g. insertion of
bioactive drugs inside the core materials can be helpful for wound healing
applications.[12-13]
2.2.5 Factors affecting electrospinning
Two prime parameters decide the formation of smooth nanofiber namely intrinsic
and extrinsic parameters. Intrinsic parameters include the polymer solution
properties such as polymer concentration conductivity, viscosity, In addition to
this, surface tension, molecular weight of polymer and solvent boiling point are
also important factors. By considering the above parameters the basic criteria
include the choice of appropriate solvent for the polymer dissolution. The
complete polymer chain entanglement has to take place in order to form
homogenous and uniform solution. The solvent should preferably possess lesser
boiling point, for the quick solvent evaporation during electrospinning. The
polymer molecular weight also plays an important role, as high molecular weight
polymer structures entangle due to their long chain structures. The chain
entanglement is a critical parameter for stabilizing the jet during bending and
stretching of polymer liquid drop in electric field. Thus, the molecular weight
should be optimum in order to control the flow of the polymer solution. The
viscosity and polymer concentration also affects the fiber formation in the similar
manner. The conductivity of the solution is also important parameter which
critically decides the fiber formation process. Under the applied electric field, the
solution with higher conductivity experiences more elongation; this reduces the
fiber diameter as well as bead formation, if any. The surface tension also controls
the fiber formation, by eliminating the beads in the fibers.
The external parameters also have impact on the electrospinning process. These
include the volumetric feed/flow rate, needle tip-to collector distance, electric
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field and the needle diameter. The applied electric voltage is one of the crucial
factors in the formation of Taylor cone. The applied voltage mainly affects the
fiber diameter or sometimes it may lead to bead formation also.
voltage mainly affects the elongation/stretching of the drop.

[16]

[15]

The applied

The feed rate of

the polymer solution is another important parameter; this affects the solidification
process of the nanofiber. The slower feed rate is always preferred as it allows the
sufficient time for solvent evaporation and stretching of the liquid drop for
formation of bead free nanofiber.

[17]

The distance between the needle and

collector also affects the fiber formation process during electrospinning. If this
distance is short, the nanofiber does not have enough time for solidification
whereas if the distance is too long, the bead formation possibility increases.
2.2.6 Electrospraying process
In this process instead of polymer solution any liquid solution is used. In polymer
solutions polymer chains forms entangled network which leads to stretching in
presence of applied electric field and generates polymer nanofibers. But in other
solutions of inorganic salts or small organic molecules such entangled networks
are absent. When such solutions are subjected to very high electric field, the
liquid droplets breaks and it forms a fine aerosol. The liquid jet also forms Taylor
cone in this case. This process is very useful in many technological applications.
It is mainly used as ion source for mass spectrometry. Similarly liquid metal ion
sources are used in ion implantation and focused ion beam (FIB) instruments.
This technique is widely used in nanotechnology to deposit the monolayer of
particles on the nanostructured surfaces. Drug nanoparticles are prepared using
this method. Similarly in some air purifiers this technique is used.
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Figure 2.5 shows the formation of aerosol under application of electric field.
http://www.bioinicia.com/technology-2/
2.2.7 Applications of electrospinning technology
Since the discovery, various groups have contributed towards the rapid
development in the field of electrospinning technology. The current progress is
chiefly towards the applications of the NF in various areas as can be seen from the
figure 2.6. The electrospun NFs are found to be useful mainly in the
nanotechnology areas such as, heterogeneous catalysis, biomedical applications
such as drug delivery, tissue engineering, water purification membranes. Using
this method variety of metal oxides and metal Chalcogenide families have also
been explored. This technique in recent years has also shown its suitability in
charge storage, optoelectronic applications, water splitting, etc.[18] In addition to
this, the polymer NFs gives high mechanical strength and flexibility which are
useful for currently growing flexible electronic devices based research as well.
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Figure: 2.6 Applications of electrospun nanofibers in various fields.
Reprinted with permission from ref no. 18
2.3 Spin Coating
Spin coating is used to deposit thin films of various materials such as polymers,
metal oxide suspensions, proteins etc. on to the smooth and flat surface. [19]

Figure: 2.7 The process of spin coating
http://www.spincoater.com/what-is-spin-coating.php
A viscous solution is drop-casted onto the clean substrate and then the substrate is
rotated at fixed rotations for given time. Number of rotations in one minute is
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abbreviated as ‘RPM’. Depending on the desired thickness of the film RPM can
be adjusted.. During spin coating, solution is spread in the outward direction, due
to centrifugal force. Excess amount of solution spills out and solvent evaporation
takes place simultaneously. As the solvent evaporates the viscosity of desired
material increases on the substrate. Hence the adhesion to the substrate is
improved and film is formed. This process also provides an advantage of making
multilayered structures. The film thickness and the uniform coverage of film are
mainly dependent on the solution properties such as viscosity, surface tension,
solvent evaporation rate etc.
Section II: Characterization Techniques
Introduction:
For optoelectronic applications the nanomaterials should be initially characterized
for its structural optical and electrical properties. This information is crucial to use
them in devices. In this section we discuss various characterization techniques
used for the research work.
2.4 X-ray Diffraction (XRD)

Figure: 2.8 The working principle of XRD
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X-ray diffraction (XRD) is a technique used to study the crystal structure and
phase analysis of materials. This technique is also helpful in analyzing very basic
important properties of materials such as, crystallite size, lattice parameters,
preferred orientation of polycrystalline materials, orientation of single crystals,
defects in the systems; strain etc. [20] This technique is suitable for materials bulk
phase materials, thin films of materials as well for powdered samples. In case of
nanomaterials, the changes in XRD pattern as compared to their bulk counterparts
gives us valuable information about nature of strain present in the material.
In XRD, a collimated monochromatic beam of X-rays is incident on the sample.
In this case, the constructive interference of x-rays is observed only at certain
angle θ which are closely related to the (hkl) planes, where the path difference is
an integral multiple (n) of wavelength (λ). Based on this, Bragg’s equation is
given by,
nλ = 2dsinθ
Where ‘λ’ is the wavelength of incident X-radiation, ‘d’ is interplanar spacing
between crystal planes, ‘θ’ is the scattering angle and ‘n’ is called as order of
diffraction.
In nanostructured materials, X-rays are diffracted by oriented crystallites to
satisfy Bragg’s law. One can calculate the inter-planar distance if the values of θ
and λ are already known. This XRD can be operated in various modes such as
θ-2θ scan mode, θ-2θ rocking curve, and Φ scan. In θ-2θ scan mode, the X-rays
falls on to the sample surface making an angle of θ while the detector motion is
coupled in such a way that it always makes an angle of 2θ with incident X-rays.
The Schematic view of X-ray diffraction is shown in Figure 2.8
The incident X-rays may reflect in many directions but only be measured which
share a common normal to give constructive interference, so we will require,
Angle of incidence (θ1) = angle of Reflectance (θ2)
This condition can be achieved by moving the detector twice as fast as the source.
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In nanostructured materials, the smaller grain size generated the significant strain
on the surface and hence the peak broadening or peak position shift is observed as
compared to their bulk counterparts. From XRD data of nanomaterials, one can
calculate the change in interplanar spacing (d) and the crystallite size. The
crystallite size is usually calculated using Scherrer’s formula given as
D = kλ/βcosθ
Where ‘k’ is Scherrer’s constant ~ 0.9 ‘β’ is full width half maximum (FWHM).
XRD technique is very less sensitive towards low ‘z’ elements. It is therefore
mostly used for high ‘z’ materials. For low ‘z’ materials neutron or electron
diffraction is commonly used.
In the present work the XRD patterns are recorded on to the PAN-analytical
Philips X’Pert PRO powder diffractometer at National chemical Laboratory,
Pune. For all the cases, we have used Cu Kα X-ray source of wavelength =
1.542oA.
2.5 UV-Visible absorption spectroscopy
UV-Vis spectroscopy records the transmitted or reflected light from the sample
and presents information about the absorption signals due to electronic transitions.
The spectroscopy is also called as electronic spectroscopy. The electronic spectra
of molecules are quite complex and are observed due to absorption of UV and
visible regions of electromagnetic spectrum. In semiconductors, when the incident
photon energy exceeds the band gap energy of the material, absorption occurs and
signal is recorded by the spectrometer whereas in metals when the surface free
electrons vibrate coherently with the incident frequency then resonant absorption
takes place. This spectrometer can operate in two modes (i) transmission and (ii)
reflection mode. In transmission mode usually thin films and colloidal NPs, welldispersed in solvent are used. While in reflectance mode, opaque thin films and
NPs which are not dispersible in solvents is analyzed.
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Figure 2.9 Representation of UV-Visible spectrophotometer in transmission
mode.
In UV-Visible absorption spectroscopy, light from a suitable source is transmitted
through a monochromator to yield light of desired energy. The emerging light is
then passed through the sample under study and finally to a detector (Figure 2.9).
Typically, the light from the source is split into two beams by a chopper; one
beam passes through the sample, whereas the other through the reference. The
detector, which is often a photodiode, alternates between measuring the sample
beam and the reference beam. Most of the double beam instrument has two
detectors, where the sample and reference beams are recorded at the same time.
The two beams are recombined in a single optical path via the use chopper which
blocks one beam at a time.
2.6 Photoluminescence (PL) Spectroscopy
Photoluminescence (PL) is the spontaneous emission of photons after the
absorption light by the material. Photoluminescence is a very important tool to
characterize the optoelectronic properties of semiconductors as PL spectroscopy
can access certain energy level which otherwise cannot be detected using UV-Vis
absorbance spectroscopy. In order to observe luminescence in solid sample the
material should possess certain band gap so that the transition from excited state
to lower state can lead to luminescence. Typically in semiconductor samples the
electron-hole pairs are created upon illumination with electromagnetic radiations
with energy greater than the band gap of semiconductor. Depending on the
lifetime of excited states the electrons recombine with holes which lead to
emission of photons. The emitted photons may or may not have energy equal to
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the band gap of semiconductor depending on absence or presence of non-radiative
recombination. Therefore the analysis of intensity of PL spectrum as a function of
wavelength can lead to important information about the energy levels and defect
levels in the sample.PL can be classified as fluorescence or phosphorescence
based on the lifetime of electronic states participating in the radiative emissions
from the sample. In fluorescence the sample emits light of longer wavelength than
the wavelength of absorbed light with typical luminescence lifetime range
between 10-8-10-5 seconds. However in case of phosphorescence the luminescence
lifetime can range from milliseconds to hours. The PL spectrum of a
semiconducting sample is analyzed on basis of peak positions in PL and their
intensities. The intensity of a peak in photoluminescence spectrum can depend on
the intensity of the excitation radiation and also on the rate of radiative and nonradiative decays.

Radiative
recombination
(Photon)

Non-radiative
recombination
(Phonon)

Figure 2.10 shows possible luminescence pathways in semiconductor
Different pathways in which the radiative decay can take place in a
semiconducting sample are shown in Figure 2.10. The presences of defect states
in particular affect the wavelength of emitted photons in luminescence.
2.7 Microscopy Techniques
2.7.1. Transmission Electron Microscopy (TEM)
Transmission electron microscope (TEM) allows examination of materials from
micron scale down to atomic resolution.10 In a TEM, under ultra-high vacuum
conditions electrons are released from an electron gun by thermionic or field
emission method and go through the microscope column by means of accelerating
voltage between 200 and 300 kV. Later electrons are aimed to a double/triple
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electromagnetic lens system to illuminate the nanometer thin specimen. Electrons
are scattered as they pass the sample, due to electrostatic potentials of its atoms.
Result of incoherent electron scattering as well as (coherent) electron diffraction
(ED) produces image contrast. It is also possible to study crystal structure by
electron diffraction study. The schematic of TEM is shown in Figure 2.11

Figure: 2.11The schematic outline of TEM
http://www.hk-phy.org/atomic world/tem/tem02_e.html
2.7.2. Scanning Electron Microscopy (SEM)
Scanning electron microscope is one of the most repeatedly used characterization
tools due to large depth of focus, high resolution and ease of applicability for
morphological analysis. Here a well-focused mono-energetic (~25KeV) beam is
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incident on a solid surface (1 nm in diameter) of the material and scanned back
and forth. This type of scanning is called as ‘Raster scanning’. Backscattered
electrons and secondary electrons are important for SEM application; The
intensity of secondary electrons is mainly dependent on the atomic number of
elements present in the specimen. This also helps in generating the brightness of
the spot.. The electron beam is scanned over the specimen surface which is
synchronized with the cathode ray tube (C.R.T). The signals are collected from
various points and the map area is displayed on C.R.T. screen. In short,
information about the sample's surface topography, composition is obtained. The
ray diagram

[21]

of SEM is shown in Figure 2.12. In the present work the

Scanning electron images are recorded on FEI-Nova Nano SEM at National
Chemical Laboratory, Pune.

(a)

(b)

Figure 2.12 (a) Pictorial represent the principle of scanning electron
microscope [Reproduced with permission from ref no. 21] and (b)
photograph of (FEI-Nova Nano SEM machine).
2.7.3. Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is as an important technique for the
topography/morphology analysis. In the case of layered materials this technique
can be used to determine the number of stacked layers.[22] AFM has also been
verified as a helpful tool to determine the mechanical properties of graphene
based materials. Moreover AFM has helped in the study and understanding
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mechanical properties of DNA, proteins and cells, polymers. AFM allows
studying 3D profiling of sample surfaces at the atomic scale. This is possible by
determining the forces between a probe (<10 nm), and the sample surface. Typical
proximity is ~0.2–10 nm. Initially the probe is supported on a cantilever (typically
made of Si3N4 or Si). Laser beam from the cantilever is reflected towards a
sensitive photodiode (detector), where the cantilever deflections are monitored.
These deflections are take place as the tip moves over

Figure 2.13 AFM set up.
http://physwiki.ucdavis.edu/Wikitexts/University_of_California_Davis/UCD%3A
_Biophysics_241/AFM_on_Membranes
the sample. A 3D image of the sample under study is occurred by recording the
deflections along z axis, as a function of the sample’s lateral positions. A typical
set up of an AFM is shown in Figure 2.13
2.8 Raman Spectroscopy
In contrast with other conventional spectroscopic tools, Raman spectroscopy deals
with the scattering of light and not with its absorption.[23] In Raman analysis the
sample is exposed to a laser source whose wavelength is either in ultraviolet,
visible or near infrared light range. The scattered light is collected with a series of
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lenses and finally forwarded towards a spectrophotometer to get a spectrum
known as Raman spectrum. If the frequency of scattered light is having same
energy as the incident light, the process is known as elastic collision or termed
Rayleigh scattering. On the other hand if the collision is inelastic, the scattered
photon will have either a higher or lower energy termed as Raman scattering. This
scattering is further divided into two types: Stokes scattering; and Anti-Stokes
scattering. In stokes scattering the frequency of scattered light is decreased while
in anti-stoke scattering it increases. The shift in Raman is specific and gives very
important information about vibrational-rotational changes in the sample.

Figure 2.14 Basic diagram for Raman spectrometer.
Raman Spectrometer (Figure 2.14) consists of a Laser beam (very narrow,
monochromatic, coherent and powerful) that is passed through a transparent cell,
consist of narrow quartz tube filled with the sample. The scattered light is
collected by a lens and passed into a grating monochromator. The signal is
measured by a photomultiplier tube (PMT) and further upon amplification Raman
spectrum is plotted.
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2.9 X-ray Photoelectron Spectroscopy (XPS)
The foundation to electron spectroscopy was laid way back in the year 1887 when
Heinrich Hertz discovered the photoelectric effect. However, it took more than
half a century further to establish the photoelectron spectroscopy as a technique.
In 1950, Kai Siegbahn reported the first successful study of photoelectron
spectroscopy for which he received the Nobel Prize for Physics in 1981.[24] They
named this technique as Electron Spectroscopy for Chemical Analysis (ESCA).
Later it got modified to X-ray photo electron spectroscopy (XPS). XPS is widely
used for identification of compounds and changes in its chemical structure. For
example, an oxide exhibits a different spectrum than a pure element (SiO 2 on Si
for example).

Figure 2.15 basic diagram for XPS
http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy.
Elements are identified by the peak positions on the XPS spectrum. Concentration
determination using Peak heights and peak areas can be used with appropriate
correction factors. An XPS spectrum is obtained by irradiating a sample with Xray beams and measuring the kinetic energy and number of electrons ejected from
the surface of the sample. This technique requires ultra-high vacuum (UHV)
conditions. X-ray photoelectron spectroscopy helps to measure the empirical
formula, chemical state, elemental composition, and electronic state of elements
exist in a sample. The basic diagram for XPS system is shown in Figure 2.15
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2.10 Photo-thermal deflection spectroscopy
Photothermal deflection spectroscopy (PDS) technique was first proposed in 1981
by Jackson et.al.[25] The working principle of this technique is based on ‘mirage
effect’. In general, the rays of light passing through a medium at low angles
refract their straight path due to thermal gradient induced in the medium. This can
be experienced on sunny days when an illusion of water is observed on a road at a
distance. This refraction of light is mainly used in the working of PDS technique.
PDS is highly sensitive absorption technique which can measure absorption
coefficients of down to 1cm-1 or absorbance down to 10-5.[26] Such high sensitivity
is achieved at room temperature.PDS techniques are mainly of two types:
transverse and collinear PDS respectively. Both the systems have tunable
monochromatic excitation source at a fixed wavelength and probe laser to probe
the absorption in the sample at a given excitation wavelength. In case of collinear
PDS, the excitation and probe laser sources go through the sample and are
arranged in such a way that they overlap each other in the sample. While in
transverse PDS configuration, the excitation source is normal to the plane of the
sample and the probe laser is perpendicular to the excitation beam path. We have
used transverse PDS technique for analysis in this thesis.
This technique is very important to understand the optical and electronic
properties of the semiconductors in thin film form. In real semiconductor,
absorption beyond band edge takes place and it later shows exponential decay
below the band gap. These exponentially decaying tail states are known as Urbach
tail. The absorption coefficients (α) for semiconductors is given as follows
α

∝

– Eg)1/2

for direct band gap semiconductor

α

∝

– Eg)2

for indirect band gap semiconductor

The term Urbach energy (Eg) gives information about the structural order in a
material. The Urbach energy can be calculated from the inverse slope of the linear
fit to the Urbach tail in the absorption spectra plotted on natural logarithmic scale.
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Section III: Fabrication of Dye sensitized solar cells (DSSC) and Light
emitting diodes (LED)
This section covers the details of fabrication protocols used for DSSC and
perovskite based light emitting diodes which are demonstrated in this thesis. The
fabrication of high efficiency DSSC and LED based devices is composed of
multiple steps which are either interlinked or independent of each other for
obtaining high reproducibility.
2.11 Fabrication of DSSC
2.11.1 Substrate Cleaning
For DSSC fabrication we have used fluorine doped tin oxide (F:SnO2, FTO) with
80% transparency and 12Ω/sq. sheet resistance. FTO glass was cut into 2 * 2 cm
square pieces and cleaned thoroughly by sonicating them in different solution
sequentially as follows:


Soap solution for 15 minutes.



Rinse with deionized water.



Sonicate in isopropanol for 15 minutes.



sonicate in acetone for 15 minutes.

2.11.2 Preparation of working electrode
Blocking layer of TiO2: A compact layer of TiO2 thin film (about 50 nm) is
coated on to the cleaned FTO substrate by spin coating process. This compact
layer act as hole blocking layer which avoids the recombination of liquid
electrolyte with the photo-injected electrons. To prepare blocking layer 1mL of
titanium tetraisopropoxide (TTIP) is mixed with 5mL ethanol and 0.5mL glacial
acetic acid. This solution was spin coated on to the substrate at 2500 rpm for
about 1 minute. Later the FTO substrates were annealed at 4500C for 1 hour.
TiO2 Photoanode deposition (Doctor Blading process): commercially available
TiO2 (sigma Aldrich) of 21 nm size are mixed with ethyl cellulose (Sigma
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Aldrich) as binder and α-terpineol (ACROS) as surfactant. Many steps are
involved in this paste making protocol. The details of this process are given in
reference no 27. Using this method we can make uniform film with about 40-50%
optical transparency which was beneficial for us to study the light harvesting
ability of our TiO2 and Au:TiO2 nanofibers.
For ‘Doctor Blading’ the FTO substrates were masked with scotch tape. The TiO2
paste was poured on one of the edge and then spread over till the other end using
glass rod or glass slide. The as coated film was allowed to dry in air for 10
minutes then heated at 4500C for one hour.
In order to apply light harvesting layers TiO2 nanofiber paste was also prepared
using above mentioned protocol. After sintering of TiO2 nanoparticles film we
have coated TiO2 nanofibers paste by doctor blading. Films were further annealed
at 4500C for one hour.
2.11. 3 TiCl4 treatment: 0.5mM TiCl4 solution was prepared by pouring 0.55mL
of TiCl4 in ice made from 100mL of DI water. Later the ice is allowed to melt
completely. Doctor bladed TiO2 films are dipped into this solution and then
subjected to 700C for 30 mins. This step provides the pore filling inside the TiO2
nanoparticluate film and also gives good connectivity between the nanoparticles
which is essential for better charge transport. After TiCl4 treatment films are again
annealed at 4500C for 30 mins
2.11.4 Dye Sensitization: For anchoring of dye molecules the films are then
soaked in dye solution for 24 hours. This step converts the white TiO2 film in the
dark red colored dye loaded film. We have used N719 dye in the present thesis.
0.5mM dye solution is prepared by dissolving the N719 dye in tert.-butyl alcohol
and acetonitrile solvent (50:50 v/v)
2.11.5 Counter Electrode preparation: Counter electrode is prepared by drop
casting ethanolic solution of 0.6M H2PtCl6 on FTO substrate. The solution was
dried at room temperature and later annealed at 4500C for 15 mins in air. This step
reduces platinum salts to Pt nanoparticles.
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2.11.6 Electrolyte solution preparation : The I-/I3- redox couple was prepared
by dissolving 0.05M lithium iodide (LiI), 0.05M Iodine (I2), 1M 1-propyl-2,3dimethyl-imidazolium iodide (DMPII), and 0.5M 4-tertbutylpyridine (TBP) in
acetonitrile/valeronitrile solution (v/v 1:1).
2.11.7 DSSC device assembly:

To study the performance of DSSC device the

working electrode and counter electrode is assembled together. Dye loaded TiO2
film was scratched mechanically to achieve the working area of 0.25cm2. The
bare FTO part on the working electrode is masked with the cello tape to prevent
the contact of electrolyte with FTO. 100μL of electrolyte is injected between
working and counter electrode and both the ends were tightly packed by clips. the
J-V curves were measured using Newport solar simulator connected to Keithley IV meter.
2.12 Fabrication of Light emitting Diode: Patterned ITO glass was washed by
sonicating in Acetone and isopropanol sequentially for 15 minutes. Oxygen
plasma treatment was given for about 1 minute to cleaned substrate. 50nm
PEDOT-PSS compact layer was deposited by spin coating aqueous PEDOT-PSS
solution at 5000 rpm for 30 seconds. Further films were annealed at 1000C for 30
minutes. A very thin layer of Al2O3 is deposited by spin coating ethanolic solution
of Al2O3 by spin coating. Further films are annealed at 1000C for 15 minutes.
Later TBAB treated perovskite films are deposited as mentioned in the film
fabrication protocol. A 50 nm electron injection layer comprised of 2:1 blend of
2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)

(TPBi)

and

poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]alt-5,5′-(2,2′-bithiophene)}(N2200). Later LiF/Al (2-3nm/100nm) electrodes were
thermally evaporated as a top electrode.
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Chapter 3
Plasmonic Light harvesting of Dye
sensitized solar cells by Aunanoparticles loaded TiO 2 nanofibers.

In this work, We report significant enhancement in the performance of dye
sensitized solar cells by using in situ Au nanoparticle (Au NP) loaded TiO 2
nanofibers (Au: TiO2 NFs) as the light harvesting (LH) layer as compared to the
use of only TiO2 nanofibers (NF) as the LH layer. The Au NP: TiO2 nanofibers are
prepared by electro-spinning via a precursor mixture whereby nanostructured
porous TiO2 nanofibers are formed and get in situ loaded with only 4-5 nm
AuNPs. The as-synthesized nanofibers are characterized by x-ray diffraction,
Raman, Photoluminescence (PL) and Mott-Schottky analysis. The presence of
gold nanoparticles shows considerable improvements in light harvesting and the
electrochemical properties of TiO2 nanofibers. A remarkable enhancement in
efficiency by 25% is achieved with the Au NF LH layer as compared to 12% by
NF layer, over the value without any light harvesting layer. The IPCE and
impedance analyses reveal commensurate improvements. The impedance study
shows a decrease in the transport resistance (RTiO2) and an increment in the
chemical capacitance and life time of the solar cell. Systematic analyses of the
optical properties suggest that the enhanced light harvesting by Au NP loaded
TiO2 nanofibers is caused by the role of plasmon-polariton modes at the
distributed nanoscale Schottky junctions in the Au:TiO2 nanofibers.

*The content of this chapter has been published in “Journal of Material
Chemistry A, 2014, 2(4), 975-984. Reproduced by permission of The Royal
Society of Chemistry
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3.1. Introduction
In optoelectronics, in general, and photovoltaics in particular, use of
nanostructures of precious metals (high electron density) has been attracting
considerable attention lately in view of the associated novel plasmonics effects
and other beneficial factors related to light scattering, fluorescence, charge
transfer, and local field enhancement.[1-5] Such metal nanostructures allow
controlled manipulation of optical absorption and scattering phenomena over
the visible spectral range of interest to photovoltaic devices.[6] Plasmonic effects
have been used to enhance the performance of the conventional as well as next
generations of solar cells designs.[7] Moreover, novel plasmonic solar cell
concepts have been proposed and are being actively investigated. A number of
interesting phenomena have also been reported in the context of the optical
response of an ensemble of metal nanoparticles depending on their size, shape,
distributions, and the properties of the embedding matrix. This latter work is
still primarily in the realm of fundamental science and has not yet been fully
and effectively examined in the domain of light harvesting (LH) commensurate
with its projected promise. To the best of our knowledge there are hardly any
reports on the specific aspect of plasmonic functionalization of light-harvesting
architecture in the dye sensitized solar cell context other than a recent
interesting work on the use of topologically ordered gold nanoparticles as
counter electrode in order to enhance the light trapping in the TiO2 film. This
strategy has shown an enhancement in efficiency by 17%.[8] In this work we
have examined the AuNP related light harvesting aspect in some details by
employing in situ formed Au nanoparticle (AuNP) loaded anatase TiO2
nanofibers prepared by electro-spinning as a LH top layer in a dye sensitized
solar cell (DSSC) assembly and have compared its effects with a similar layer
but without Au NPs. Electro-spun nanofibers without AuNPs have been shown
to yield beneficial LH effects in some previous interesting studies.[9] In neither
case have we used Au NPs in the active layer as done in some previous works.
[10-11]

We find a remarkable 25% enhancement in the photoconversion efficiency
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with the inclusion of AuNPs in the LH layer. We have used a number of
characterizations to reveal the possible causes of this enhancement and in the
process identified some new interesting effects. Since an LH layer can be
applied in different solar cell architectures, the effect reported here may be
applicable to other photovoltaic systems as well. Within the last year there have
been exciting new developments reported by Grätzel & coworkers and Snaith &
coworkers in the field of sensitized solar cells using a hybrid perovskite
(CH3NH3PbI3 or CH3NH3PbI2Cl) system which exhibits high optical absorption
and conversion efficiency.[12-13] In a related recent remarkable development,
Grätzel and coworkers have shown a record efficiency close to 15% for a
perovskite based system by the sequential deposition route.[14] This advance
appears to be a game changer for this family of excitonic solar cells and rapid
scientific developments pushing the efficiency to even to higher values are
expected in the near future. We believe that some of the plasmonic light
harvesting ideas discussed in this paper could be beneficial in this regard.
Although not in the top LH layer, metal nanoparticles such as gold (Au), Silver
(Ag) have been used in the DSSC active layer architectures with beneficial
effects.[15-16] The corresponding surface plasmon induced enhancements in the
solar cell performance have been reported and discussed in the literature.
Indeed, some design strategies have also been suggested in order to effectively
harvest the photons by metal nanoparticles.[17] Metal nanoparticles (above 40
nm) are considered best light scatterers as compared to large semiconducting
nanoparticles.[18] At lower sizes, metal nanoparticles absorb light efficiently and
generate localized surface electron density oscillations known as surface
plasmons. For instance, S.Chang et al. have shown enhancement in the subwavelength region after incorporating gold nanorods in the active device
layer.[19] Muduli et al. have shown a remarkable conversion efficiency
enhancement with Au/TiO2 plasmonic nanocomposites in the active layer.[20]
TiO2 nanofibers (without metal nanoparticles) have also been used as the top
LH layer once again with beneficial effects. Indeed, Chaungchote et al. have
reported impressive 8.14% conversion efficiency (electrode area 0.25cm2) by
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using TiO2 nanofibers as the scattering layer.[21] Similarly Zhu et al. have shown
the use of rice-grain shaped TiO2 as the best scattering layer with maximum
achievable conversion efficiency of 7.45%.[22] Our work departs from these
interesting works in terms of the effective use of Au NPs inside the LH
nanofibers for realizing enhanced quality factors in DSSC. In the process we
identify and suggest an interesting role of surface plasmon-polariton modes at
the distributed nanoscale AuNP/TiO2 interfaces in the LH layer in the efficiency
enhancement.
3.2. Experimental Section
3.2.1. Synthesis of Au/TiO2 nanofibers:
1g of polyvinyl pyrollidone (PVP Sigma Aldrich mol wt 13, 00,000 g/mol) was
dissolved in 8ml of absolute ethanol (AR Grade). After complete dissolution, 10
μL of conc. HNO3 was added. 2ml of Titanium tetra-isopropoxide (TTIP,) was
added in the resulting solution and the mixture was further stirred for 2 hrs.
After ensuring homogeneity, this solution was subjected to high electric field of
about 10 kV for eletrospinning. The tip to collector distance was fixed at 15 cm
and the feeding rate was 1mL/hr. The composite fibers thus obtained were dried
in an oven at 700C for 5 hrs and then calcined at 5000C for 2 hrs at a heating rate
of 10C/min. In order to make Au/TiO2 composite nanofibers the same protocol
was followed but an ethanolic solution of HAuCl4.3H2O (Sigma Aldrich) was
added as gold precursor after acid addition. The ratio of Au :Ti was kept fixed
as 1 mol % in the final solution. Thus the AuNPs grew in situ in our fibres
during the formation of TiO2.
3.2.2. Photo-anode preparation:
Fluorine doped tin oxide (FTO) substrates (Solaronix Co. Sheet resistance 7Ω
m-2 ) were cleaned by sonicating in DI water, and detergent solution for 15 min
and then rinsed with ethanol. TiO2 nanoparticles of about ~ 20 nm were
synthesized by the hydrothermal method.[23] Screen printing paste of these
nanoparticles was prepared as mentioned in the reference.[24] Screen printing
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pastes of TiO2 and Au/TiO2 nanofibers were also prepared by the same
procedure. The homogeneous suspension of TiO2 nanoparticles paste was
dispensed on FTO by doctor blading technique to prepare a semi-transparent
nanocrystalline photoanode. The TiO2 electrode was calcined at 4500C for 1 h to
remove the organic components. These photoanodes were then treated with
TiCl4 at 700C for 30 min and then sintered at 4500C for 30 min. Finally a
scattering layer of TiO2 (NF Cell) or Au/TiO2 NF (Au NF Cell) was formed and
the films were sintered at 5000C for 30 min. The thickness of active layer was
kept as 10μm and that of harvesting layer 2μm. The TiO2 electrode with 12μm
thickness was also prepared as a reference (NP Cell). These electrodes were
then soaked in 0.5 mM N719 dye solution (Solaronix Co.) at room temperature
for about 24 hrs. The films were then washed with ethanol and dried. The
counter electrode Pt coated FTO was prepared by drop casting a solution of
hexacholoplatinate (H2PtCl6) and further annealing at 3500C for about 15 min.
The cell was assembled by sandwiching the active photoanode and the counter
electrode. The space in between was filled by the electrolyte which consists of
0.1

M

lithium

iodide(LiI),

0.05M

iodine(I2),

0.6M

1-hexyl2,3-

methylimidazolium iodide and 0.5M 4-tertbutylpyridine in acetonitrile and
valeronitrile (1:1 v:v).
3.3 General Characterization:
The morphology of calcined nanofibers was observed with Scanning electron
microscopy. (SEM). High resolution transmission microscopy images (HRTEM) and SAED pattern were also recorded using tecnai 300 (T-30). The UVVis diffuse reflectance spectra (DRS) of nanofibers and solar cell films were
recorded in the integrated sphere mode using JASCO V-570 spectrophotometer.
The photoluminescence was recorded using HORIBA fluoromax-4C with an
excitation wavelength of 330 nm. The J-V characteristics of the assembled
DSSCs were measured under exposure to AM1.5, 100 mW/cm-2 simulated solar
spectrum (Solar simulator, Newport). A standard silicon solar cell was used as a
reference for calibration purposes. (SER No. 189/PVM 351). Electrochemical
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impedance measurements were carried out using AUTOLAB PGSTAT 30
under light illumination using 10mV ac voltage at applied bias potential ranging
from 0.6 -0.75 V in the frequency domain of 1MHz to 0.01Hz. Mott-Schottky
plots were also recorded using AUTOLAB PGSTAT 30 under dark conditions.
IPCE measurements were performed with the same cell assemblies on Newport
IPCE system over the range of 350 nm to 800 nm.
3.4 Results and discussion:
3.4.1 TiO2 nanofibers and Au: TiO2 nanofibers characterization:
Electrospinning is a very versatile technique for making 1D elongated
structures.[25] In our case, TiO2 nanofibers were prepared by calcinating the
polymer fibers containing titanium and gold precursors. The calcination process
involves the evaporation of organic component and encourages crystallization
of TiO2 nanoparticles. The mean size of TiO2 nanoparticles which assemble into
the elongated quasi-1D fiber form is mainly precursor concentration dependant.
In the case of TiO2/Au nanofibers, the concentration of gold precursor is very
low compared to the Ti precursor. Hence while electrospinning these gold ions
get distributed in the polymeric fiber fairly uniformly without getting
agglomerated. This results in the in situ formation of TiO2/Au composite
nanofibers after calcination. These nanofibers are composed of nanosized TiO2
with embedded tiny gold nanoparticles

dispersed uniformly in the

semiconducting oxide matrix. The gold content in the composite nanofibers was
further evaluated using EDAX analysis and it showed 1% gold nanoparticles
content. Figure 3.1(a) & (b) show the SEM images of electrospun TiO2 and
Au/TiO2 nanofibers. The diameter of most nanofibers is about ~150 nm, though
a few fibers with lower diameter are also seen.
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Figure 3.1 (a-b) show the FE-SEM images of TiO2 NF and Au: TiO2 NF.
Figure 3.1(c) shows the dark field image of Au- TiO2 NFs shown in figure
3.1(d). Figure 3.1(e) shows the HR-TEM image of Au-TiO2 NF at higher
magnification. The FFT image of marked portion is shown in Figure 3.1(f).
Figure 3.1 (g-h) show the Au (200)-specific inverse-FFT pattern and the
corresponding lattice spacing.

In order to confirm the presence of gold nanoparticles we recorded dark field
(Z-contrast enhancing HAADF) transmission electron image of Au TiO2 NF
Figure 3.1(d) to be compared with Figure 3.1(c) which clearly shows the bright
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spots indicating the presence of gold nanoparticles distributed in the TiO2
nanoparticle-assembled fiber matrix. Figure 3.1(e) shows the HR-TEM image
of Au TiO2 NF A Fast Fourier transform (FFT) pattern generated for the marked
portion is shown in Figure 3.1(f). It shows several diffraction spots representing
TiO2 and gold lattice planes. Since many key planes of the two material systems
have close lattice parameters,[26] we focused on the (200) planes of Au which
stands out separately and clearly from TiO2. The inverse FFT image generated
from the red marked spots indicated in Figure 3.1(f) is shown in Figure 3.1(g)
and the corresponding lattice spacing is indicated in Figure 3.1(h).

The

observed d-value of 2.034 nm unambiguously identifies the Au (200) planes,
completely distinguished from TiO2 system. Elemental analysis was also
performed with FE-SEM (EDAX) which clearly brought out the presence of
Au. The elemental mapping of Au TiO2 nanofibers is presented in Figure 3.2.

Ti

O

Au

Figure 3.2(a) show the FE- SEM image of Au TiO2 nanofibers with
elemental mapping for gold (Au) Titanium (Ti) and oxygen (O) atoms
obtained from the energy dispersive X-ray analysis.
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The size of AuNPs is also found to be in the range of 5-10 nm. The X-ray
diffraction patterns for TiO2 NFs and Au: TiO2 NFs in Figure 3.3(a) show that
both the nanostructures have anatase phase. [JCPDS 21-1272] In the case of the
TiO2/Au nanofibers broadening of peaks with a slight shift towards lower 2θ
(higherd-value) is observed which can be attributed to the strain on the lattice
due to AuNP incorporation. The XRD pattern generally gives the information of
long range order of structural arrangements. In order to understand the local
imperfections and crystalline defects in Au/TiO2 composite nanofibers we used
more sensitive technique such as Raman spectroscopy. Figure 3.3 (b) shows the
Raman spectra of TiO2 NFs and Au:TiO2 NFs.The Raman active vibration
modes Eg (144cm-1), A1g (395cm-1), B1g (514cm-1) and an overtone of Eg
(639cm-1) is observed.[27] The lower energy Eg mode at 144cm-1 clearly confirms
the anatase crystalline frame work of the TiO2 NF and Au:TiO2 NF. The
observed decrease in the intensity for this Eg band for AuNP case is mainly due
to surface adsorbed gold nanoparticles.[11] The absorption of peaks in higher
frequency region becomes weaker and broad for the case of Au/TiO2
nanofibers. This broadening suggests increase in crystalline defects in the
framework after gold incorporation. Such crystalline defects serve as additional
photoelectron trapping centers in the solar cells which will suppress the charge
recombination.[28] This result was consistent with the XRD results which also
confirm the broadening of diffraction peaks suggesting the gold nanoparticles
induced lattice strain in TiO2 framework. This correlation between macro and
micro level analysis techniques also confirms the distribution of gold
nanoparticles in TiO2 matrix. Figure 3.3 (c) shows the diffuse reflectance
spectra (DRS) obtained for the as-synthesized powders. The sharp decrease in
reflectance around 340 nm corresponds to the band edge absorption of TiO2.
Additionally, a long tail in visible region with a dip centered at 570 nm is
observed only in Au: TiO2 NFs case. In order to observe this plasmonic
contribution we have used simple Kubelka-Munk theory.[29] Using two flux
approximation, this theory introduces two parameters as S and K which relate to
the strength of scattering and absorption of the fibers. Y. Borensztein et al.[30]
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have stated the relationship between the parameters S and K with the reflectance
of the opaque sample recorded in the integrating sphere assembly. The
relationship is given by,

------ (1)

We have used the same equation to observe the SPR contribution from gold
nanoparticles. Figure 3.3 (d) shows the graph of the ratio (K/S) Vs wavelength
(nm). It clearly shows the presence of the broad SPR peak centered at 570 nm
contributed by the gold nanoparticles. The absorption of visible radiation in the
Au/TiO2 nanofibers is increased over the range of 400 nm to 1000 nm. This
confirms the better light harvesting ability of Au/TiO2 nanofibers as compared
to the only TiO2 nanofibers in the visible and near IR region. It is interesting
that the SPR peak in our sample is rather broad and red-shifted (570 nm) as
compared to the usual SPR peak observed around 520-530 nm in the case of
tiny spherical Au nanoparticles.[31] Towards this end it is important to note that
in our case the Au nanoparticles are embedded in porous TiO2 fibers with
faceted TiO2 nanoparticles. Thus, they are not uniformly capped all around, but
are contacted by TiO2 surface facets in specific directions. Also, they need not
be exactly spherical in view of the concurrent growth of TiO2 and Au NPs
during phase evolution. These factors lead to anisotropy of electron density and
therefore red and blue shifted modes. As is known from studies on anisotropic
Au nanosystems, the red shift is anisotropic systems can be quite substantial.[32]
Moreover, in view of the size distribution of Au NPs and the differing local
environments experienced by different particles, there would be considerable
broadening of SPR.
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Figure 3.3 (a) show the X-ray diffraction, (b) Raman spectra, (c) Diffused
reflectance spectra of TiO2 NF and Au: TiO2 NF, (d) show the graph of
Ratio (K/S) Vs Wavelength (nm).

3.4.2 Photoluminescence and Mott-Schottky analysis:
As stated earlier we used the NFs and Au: TiO2 NFs as scattering layers in dye
sensitized solar cells and compared their performance. Through various
characterizations we could conclude that the use of gold nanoparticles in the
harvesting layer is beneficial for both the enhanced light harvesting as well as
the improved electrochemical performance of the device. In our study we used
2μm thick harvesting layer wherein some dye molecules are also adsorbed. On
illumination under sun light this harvesting layer also contributes in the overall
device performance. Hence to investigate the optical and electrochemical
advantages of gold incorporation in the harvesting domain we performed a
comparative photoluminescence study (PL) and Mott Schottky analysis (MS).
Towards this end, single layer (2μm) of TiO2 NFs and Au: TiO2 NFs films were
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doctor bladed onto the FTO glass and then annealed at 4500C for 1 hr. These
films were used directly without dye loading for further analysis. Figure 3.4 (a)
shows the photoluminescence (PL) spectra for the TiO2 nanofibers and Au/TiO2
nanofibers obtained by exciting the fibers at 360 nm wavelength.
The PL emission intensity can be related to the recombination dynamics of the
exited electron and hole pairs. In the Au NF case the two characteristic hump
centered at 3.15 eV and 3.3eV are clearly observed that are absent in only NF
case. The peak in the region of 3.1-3.3 eV is mainly attributed to the band edge
luminescence of TiO2, and it confirms an enhancement in the photogenerated
charge carriers in the presence of gold nanoparticles.[33] In Au:TiO2 NF case the
luminescence spectrum was not found to be too different as compared to the
TiO2 NF case but the increase in the intensity clearly suggests a greater number
of charge carriers in the Au NF case. This enhancement in the band edge
luminescence also confirms the shift of Fermi energy towards more negative
value and suggests a better charge transporting ability of Au NFs compared to
TiO2 NFs. The inset of figure 3.4(a) shows the difference of Au NF and TiO2
NF case which mainly shows an enhancement in the direct band transition in the
presence of gold nanoparticles. The gold nanoparticles thus enhance the
separation of electron-hole pair and also suppress the recombination by
modifying the defect-related band states.
Figure 3.4 (b) shows the Mott Schottky analysis of the pure NF and Au: TiO2
NF films in the presence of electrolyte (I /I3-). For Mott Schottky analysis we
prepared the electrolyte consisting of 0.05M I2 (Iodine) and 0.5M LiI (Lithium
iodide). The positive slope shows the n-type behavior of TiO2 and Au/TiO2
nanofibers. The flat-band potential can be obtained by the intercept on x-axis by
the linear region of the curves. The flat band potentials observed in our study
were -0.9 V and -0.66 V (Vs Ag/AgCl) for TiO2 NF and Au:TiO2 NF case
respectively. The flat-band potential for Au: TiO2 NF is clearly shifted to more
negative values. The Fermi energy of gold nanoparticles lies below the
conduction band (CB) of TiO2.[34] The shift towards more negative value
indicates the shift of local density of states (DOS) towards the valance band as
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compared to the pure TiO2 NF case. This negative shift is more favorable for the
dye sensitized solar cells performance. The rate of electron injection depends on
the difference between the LUMO level of dye and CB maximum of TiO2.[35]
This favorable negative shift will enhance the electron injection rate from the
dye to TiO2 in the case of Au: TiO2 NFs due to the presence of gold
nanoparticles. The slope of the linear region of MS plot is inversely proportional
to the electron density in the sample.[36] The lower slope values obtained for
Au: TiO2 NFs case suggest the enhanced electron density in the Au: TiO 2 NFs
case as compared to only TiO2 nanofibers. The presence of gold nanoparticles
can act as electron sink and hence avoid the recombination of the charges with
the electrolyte. This enhanced electron density suggests better charge storing
ability of Au: TiO2 NFs as compared to only TiO2 NF. Hence use of these
nanofibers in light harvesting layer can serve dual purpose of light harvesting as
well as suppressing the recombination rate of the photogenerated charge carriers
within the LH layer. The shift in conduction band minimum is also favorable for
electron injection from dye molecules.
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Figure 3.4 (a) show Photoluminescence analysis and (b) show the MottSchottky analysis of TiO2 NF and Au: TiO2 NF.
3.4.3Photovoltaic Characterizations:
Figure 3.5 (a) shows the J-V characteristics of the devices measured with an
active photoanode area of 0.25 cm2 under the standard AM 1.5 simulated
sunlight. Table 1 gives the measured solar cell parameters. Compared to the
case of TiO2 NP cell without any LH layer (η = 6%) the efficiency is enhanced
to 6.7% with the use of the TiO2 NF LH layer in DSSC. This performance
improvement is reflected in an increase in the short circuit current density and
fill factor of the device, consistent with previous reports.[22] When Au:TiO2 NFs
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are employed as the top LH layer the enhancement in the current density is quite
significant. Additionally the fill factor of the device is also seen to improve
considerably. This clearly shows that Au: TiO2 NFs further enhance the current
generation in the device and also help in reducing the recombination.
There is a general concern about the electrolyte attack on metal nanoparticles
such as the Au NPs in our case. Towards this end it is useful to point out that in
our case due to the in situ formation of Au NPs concurrently with nanoassembled TiO2 fibers, Au NPs are mostly incorporated in the bulk, though
some concentration on the surface is unavoidable. Since our fibers are dense,
the inner Au NPs will be fairly well protected from the electrolyte attack but
further engineering is clearly needed to address this issue.
Case ID

Voc (V)

Jsc

ɳ%

FF (%)

(mA/cm2)

Dye
Loading
(mol/cm3)

NP Cell

0.74

13.47

60.6

6.03

1.52x 10-6

NF Cell

0.76

13.9

63.5

6.76

1.37 x 10-6

NF 0.77

15.1

66.8

7.77

1.12 x 10-6

Au
Cell

Table 1: Photocurrent Density - Voltage Characteristics for NP Cell,
NF cell and Au NF Cell.
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Figure 3.5 (a) shows the J-V curves for NP Cell, NF cell and Au NF cell , (b)
shows the Incident Photon to Current Conversion (IPCE) analysis for NP
Cell, NF cell and Au NF cell.
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Voc (V)

Jsc (mA/cm2)

FF %

η (%)

NP Cell

0.74

13.47

60.6

6.03

NP + Au NF Cell (3
mol%)

0.76

16.51

51.4

6.42

NP + Au NF Cell (5
mol%)

0.75

16.45

50.5

6.29

Name

Table 2: Photocurrent Density (J) – Voltage (V) Characteristics for NP Cell

2

Current Density (mA/cm )

and NP + Au NF Cell with 3 mol% and 5 mol% as Au: Ti ratio

16
12
8
4
0
0.0

NP Cell
NP + Au NF Cell(3 mol%)
NP + Au NF Cell(5 mol%)

0.2

0.4
0.6
Voltage (V)

0.8

Figure 3.6 shows J-V characteristics for TiO2: Au nanofibers with 3 mol%
and 5 mol% Au: Ti ratio.

We have also checked the effect of gold nanoparticle concentration in TiO2 NFs
by varying the gold precursor ratio to 3 mol % and 5 mol %. The enhanced
concentration showed enhancement in the current density (JSC) but the fill
factor values of the devices were found to decrease dramatically. Increase in
gold ions concentration results in larger particle size. Gold nanoparticles with
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larger diameters mainly act as recombination centers. Hence decrease in fill
factor is mainly because of enhanced recombination of charges in the device
interior. The solar cell parameters and J-V curves are given in Table 2 and
Figure 3.6. Hence we decided to carry out our further studies on 1 mol % case.
The dye loading in the cells with light harvesting (LH) layers was found to
decrease marginally as compared to the only NP layer cell, yet the performance
was seen to improve due to LH effects. The harvesting layer(s) comprise of
nanofibers film(s) which basically have lower effective surface area as
compared to TiO2 nanoparticles and hence less number of binding sites for dye
molecule (Please note that the total thickness of all three films is the same).
Moreover, when we compare Au TiO2 NF case with only TiO2 NF case,
presence of some Au NPs on the surface of the TiO2 nanofibers decreases the
overall available surface area for dye molecule attachment. Figure 3.5(b) shows
the incident photon to current conversion efficiency (IPCE) for the photoanodes.
By addition of the NF scattering layer the peak IPCE value in the spectrum is
seen to have increased by about 6%. On the other hand when an Au: TiO2 NF
layer is used as a top LH layer the peak maximum is seen to be enhanced by
25%, which confirms the significant optoelectronic benefits of the Au: TiO2 NF
LH layer in the cell design and is reflected in the significant efficiency
enhancement. Additionally we have noticed slight red shift in peak maximum in
Au: TiO2 NF based cell. This red shift is mainly due to the enhanced light
absorption by dye molecules and gold nanoparticles in the red part of solar
spectrum. The presence of gold nanoparticles in the scattering layer also helps
in enhancing the solar radiation absorption in the higher wavelength range.[19]
This suggests that Au: TiO2 NFs to be the best candidate for light harvesting as
compared to TiO2 NFs. Moreover these beneficial effects can be clearly noted
over the entire spectral range. We will return to discuss the possible origins of
these observed effects.
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3.4.4 Impedance Spectroscopy:

30
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80
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Figure 3.7 shows Nyquist plots for NP Cell (blue), NF cell (olive and Au NF
cell (red) at Voc.
To understand the role of AuNPs in the performance improvement,
electrochemical impedance spectra (EIS) were recorded under different applied
bias voltages under 1 Sun illumination. The Nyquist plot for these solar cells is
given in Figure 3.7
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Figure 3.8(a) shows the Transmission Line model used for fitting the EIS
curves, (b) Show the variation of transport resistance (RTiO2), (c) shows
the variation of Chemical Capacitance (Cμ) Vs applied Bias Voltage for NP
Cell, NF cell and Au NF Cell, (d) shows the Life time obtained from the
Bode phase plots over the applied bias range for NP cell, NF cell and Au
NF Cell.

The EIS spectra can be used to derive the information regarding interfacial and
transport processes, and the kinetics of diffusion and recombination. The
generally accepted transmission line model was used to fit the plots as shown in
figure 3.8 (a).[37] In Impedance spectroscopy the three semicircles are observed
accounting for three different processes: a) the higher frequency region
corresponds to the platinum/electrolyte interface (Z1), b) information regarding
TiO2/dye/electrolyte can be obtained with the middle semicircle (Z2) and c) the
lower frequency region gives information about the percolation of electrolyte in
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the TiO2 films (Z3). The parameters such as photoanode resistance (RTiO2), life
Figure 3.8 (b) shows the graph of RTiO2 vs applied bias voltage. The charge
transport resistance (Rct) is seen to decrease when the LH layer is employed
over the entire range of applied bias potential. In the case of Au: TiO 2 NFs LH
cell the Rct is even lower as compared to the NF LH cell without Au NPs. This
implies an increase in the charge transfer rate from dye to TiO 2 in the presence
of the Au TiO2 NF LH layer. This is consistent with the improvement in the fill
factor which also suggests the lowering in charge recombination process.
From figure 3.8 (c) it can be clearly observed that in the presence of Au:TiO2
NF LH layer the chemical capacitance (Cμ) in the photoanode is enhanced. In
dye sensitized solar cells the chemical capacitance means the TiO2 photoanode
connected to working electrode and the whole electrolyte connected to the
counter electrode.[38] The capacitance observed in this study mainly attributes to
the total density of electronic states in the conduction band as well as in the
band tail states.[39] The chemical capacitance also indicates the recombination
with electrolyte and the electron density in the active layer. Hence the
enhancement in Cμ in the LH layer employed devices indicates better charge
storing ability of TiO2 NFs and Au:TiO2 NFs. As revealed by SEM/TEM data
the nanofibers are composed of assembled TiO2 nanoparticles where the grain
boundaries of TiO2 nanoparticles are connected. The electrons can be rapidly
driven from one end to another in the TiO2 nanofibers as compared to the TiO2
nanoparticle films. The grain-connected TiO2 nanoparticles in nanofibers can
carry higher charge carriers as compared to the randomly connected
nanoparticles, hence the capacitance in the case of nanofibers is greater as
compared to the only nanoparticle cell.[40] But in Au: TiO2 NF LH cell the
capacitance is even higher than the TiO2 NF cell. The enhancement in the
capacitance can be attributed to formation of randomly distributed Au:TiO2
Schottky barriers in the Au: TiO2 NFs. These Schottky barriers can store the
charge effectively leading to an enhancement in the life time. The Fermi energy
level of gold nanoparticles is below to the conduction band of TiO2. Hence such
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Au/TiO2 interfaces form the charge trapping centers leading to higher
electrochemical capacitance. The PL spectra also show an enhancement in the
non-radiative decay of excited charges suggesting alternate pathways for the
photo-generated carriers. The overall capacitance is enhanced almost by 90%
as compared to TiO2 NP case with Au:TiO2 NFs and by 40% with the TiO2
NFs. The enhancement in the capacitance is in good agreement with the
enhanced life time of the charges. The frequency maximum (ωmax) of the middle
semicircle in the Nyquist plot represents the life time of photogenerated
charges. Figure 3.8 (d) shows that the life time of photogenerated charges is
enhanced by employing the light harvesting layers. In the presence gold
nanoparticles the life time is higher as compared to only TiO2 NF case over the
entire range of applied bias potentials. This ensures the better performance of
the devices even under ambient light conditions.

3.4.5 Optical Characterization of NF Cell and Au NF Cell:
In order to understand the optical effects responsible for the observed
performance improvements specific to Au NP incorporation in the quasi-1D
TiO2 nanofibers, we performed additional optical measurements. Specifically, to
gain a direct access to the optical effects in the active layer, active layer-LH
interface and the LH layer without the interference of the supporting glass, we
chose to make inverted cell structure as shown in the Figure 3.9 (a). We
prepared a completely inverted assembly of the device structure as shown in the
figure. In actual solar cells light enters though the FTO side and then passes
through the active layer and finally interacts with the light scattering layer. The
light reaching to the active layer is diffused due to the almost 10 μm thick active
layer. In order to get more insight about the light scattering ability of LH layer
one needs to understand that the scattered light should reach to the detector of
the integrated sphere. Additionally the transparent conducting oxide used here
as a working electrode has highest transparency to the light. Hence to observe
the effect of scattering layer we first deposited the LH layer (2μm) and on the
top of this layer we deposited the active layer of TiO2 NP (thickness ~ 10 μm).
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This film with inverted assembly of the real solar architecture was used to
record the diffuse reflectance spectra (DRS).
The DRS of films (without dye loading) were recorded using integrated sphere
geometry. Figure 3.9 (b) shows that as compared to the TiO2 NP Cell without
any LH layer; the LH layer-incorporated cells (TiO2 NF cell and Au: TiO2 NF
cell) show significantly higher reflectance which can be attributed to better light
scattering abilities of TiO2 NFs and Au:TiO2 NFs. It should be noted that the
peculiar nature of diffuse reflectance of the NP cell is due to the semitransparent
nature of the film on transparent glass substrate. Interestingly, in the case of the
Au: TiO2 NF LH cell, the reflectance is found to be lower as compared to the
TiO2 NF cell.
100
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Figure 3.9 (a) shows the schematic diagram to show the specially prepared
films for Diffuse reflectance spectrum study, (b) shows the reflectance data
of NP Cell, NF cell and Au NF cell recorded using integrated sphere (c)
shows the graph of ratio (K/S) Vs Wavelength (nm), (d) Shows the
Absorbance of these films calculated using Equn (A = 100-%R-%T).
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In order to elucidate the effect of light harvesting layer more clearly we used
equation (1) and the ratio of K/S was evaluated from the reflectance data shown
in Figure 3.9 (b). The K/S = [(1-R)2/2R)] values are presented in Figure 3.9
(c). It may be noted that in the NF-cell case as well as in the Au-NF-cell case,
the K/S gradually increases towards higher wavelength. This is due to better
light scattering ability afforded by nanofibers. It may be recalled that for diffuse
reflectance study we had purposefully prepared films with inverted cell
assembly. Noting that the y-axis in Figure 3.9 (c) is actually K/S = (1-R2)/2R,
decreasing R (which is the diffuse reflectance) increases the K/S ratio. Since R
is seen to decrease progressively with increase of wavelength in the sub-band
gap region due to semitransparent nature of the NP component of the film in all
three cases. [Figure 3.9(b)], the K/S contribution is seen to increase gradually
towards the higher wavelengths in Figure 3.9 (c). The presence of gold
nanoparticles in the LH layer enhances the optical path length in the device
interior over the entire visible wavelength region, as shown in Figure 3.9 (b
and c). A plasmon related hump near 570 nm may also be noted in Figure 3.9
(c). We could not apply equation (1) for only NP cell without LH as the
reflectance of that film is very less and the approximation holds true only in
case of opaque films. These data and the foregoing discussion indicate that the
presence of tiny gold nanoparticles in the TiO2 matrix serve as additional light
harvesting centers which can scatter/absorb the visible spectrum more
efficiently. When light interacts with the Au NPs there is local enhancement in
the electric filed which enhances the absorption in the surrounding
semiconductor.[41] This concept is very well documented for various kinds of
solar cells using metal nanostructures in the active layers of devices.[42-43]
Additionally for thin film solar cells, in order to enhance the light absorption
with the same semiconductor thickness, use of metal nanoparticles on the rear
side of the device has been suggested.[44-45] We have basically followed the
same strategy with the novelty that the Au NPs are matrix embedded forming
distributed nanoscale Schottky junctions.
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We also measured the transmittance of light through the different configurations
(only TiO2 NP cells, and TiO2 NP cells with TiO2 NF or Au: TiO2 NF LH layers
in an inverted geometry) and then calculated absorbance of light in the device
interior using an

equation [Absorbance (A) = 1-R-T]. Figure 3.9 (d) shows

that the absorbance in the case of Au:TiO2 NF cell is higher than that in the
TiO2 NF cell suggesting an effectively higher optical path length in the device
interior. This confirms that Au:TiO2 NF is better light harvesting agent as
compared to TiO2 NF. This can be attributed to the compounded effect of the
nanoscale distributed Schottky barriers formed in harvesting region. These
Schottky barriers act collectively as additional light harvesting centers.[46] As
the size of gold nanoparticles is about 5 nm, their Schottky interfaces with TiO2
can render an antenna effect and lead to enhancement in the light trapping in the
device interior.
The possible mechanism of enhanced light trapping can be described with
reference to the schematic of Figure 3.10. Admittedly, this is speculative in the
absence of a detailed simulation study which is out of scope of this work.
It may be remembered that when the light reaches the LH layer in an actual
solar cell, it is randomized in terms of directions by scattering in the active
layer. It can get back-scattered (dashed red arrows) due to a better light
scattering ability of TiO2 nanofibers as reported in previous works.[9] This LH
effect will be present also in the case of the cells with Au: TiO2 NF LH layer
(dashed red arrows). However an additional interesting effect can make a
positive LH contribution in this case emanating from the absorption (and reemission) of light by the surface plasmon-polariton modes at the nanoscale
Au:TiO2 interfaces. Indeed, when light interacts with the embedded tiny Au NPs
it can generate surface plasmon-polariton modes (SPP modes) at the Schottky
barriers and such modes can concentrate electromagnetic fields leading to
trapping of the incident light effectively. These SPP modes redirect the incident
solar radiations at 900 angles. Hence the radiations incident on the LH layer
from the active layer travels back to the active layer. The nanofibers in the
harvesting layer are randomly oriented hence the generated SPP modes will get
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redirected in all directions. This random propagation of SPP modes leads to
additive interference leading to higher energy dissipation in the active layer.
These coupled SPP modes can travel about micron distances from their origin
point. Hence the energy transfer to the dye molecules also enhances. In the case
of only TiO2 NF the enhancement in the dye absorption is only due to
backscattered light. Although the light scatters back and enhances the
absorption in the active layer, dye molecules can absorb only that part of the
visible spectrum where the dye absorption is maximum. But in the case of Au
loaded TiO2 nanofibers these coupled SPP modes provide additional energy to
enhance the light absorption even in the sub-wavelength region. Thus the use of
gold loaded TiO2 nanoparticles helps in enhanced light trapping in the active as
well harvesting regions. Au/TiO2 Schottky interface dispersion in Au:TiO2 NF
is random; hence the distribution of nanoscale interfaces in the microscopic
fibers provides an additional benefit over the normal surface plasmon
enhancement. The location of interfaces leads to coupling of the plasmon
generated in LH layer. Additionally it helps in concentrating the light in the
device interior. These SPP modes are thus mainly responsible for the observed
enhancement in the photogenerated charges by dye molecules. Additionally
these SPP modes also help enhance the transport rate of photogenerated charges
in the device interior. Nailiang Yang et al have shown the use of ordered gold
nanoparticle array as an effective counter electrode to achieve optical path
enhancement along with the efficiency.[8] However, the enhancement in
efficiency was mainly attributed to better reflection and plasmonic effects.
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Figure 3.10 shows the Mechanism of Light harvesting in case of TiO2 NF
and TiO2 Au NF respectively.
3.5 Conclusion

In this paper we have demonstrated a significant enhancement in the solar cells
parameters with the use of Au NP loaded TiO2 nanofibers in the light harvesting
layer. The use of gold loaded fibers shows improvements mainly in the current
density and the fill factor of the devices which is mainly attributed to the lower
charge recombination. Additionally impedance analysis reveals an enhancement
in the chemical capacitance by almost 75%. The higher capacitance is due to the
enhanced charge trapping density of states in the conduction band as well as
below the conduction band due to favorable band alignment of the Au/TiO2
Schottky interfaces. These enhanced trapping states were also revealed by the
photoluminescence study. We have also established that in case of Au: TiO2 NF
cell the optical path length in the device interior was higher than that of only
TiO2 NF based Cell. Coupled SPP modes generated at the randomly distributed
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Au/TiO2 interfaces in the LH layer are suggested to play a key role in these
phenomena.
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Chapter 4
Hybrid perovskite quantum nanostructures
synthesized by electrospray antisolventsolvent extraction and intercalation.

Perovskites based on organometal lead halides have attracted great deal of
scientific attention recently in the context of solar cells and optoelectronic
devices due to their unique and tunable electronic and optical properties.
Herein we show that the use of electrospray technique in conjunction with
the antisolvent-solvent extraction leads to novel low-dimensional quantum
structures (especially 2-D nanosheets) of CH3NH3PbI3- and CH3NH3PbBr3based layered perovskites with unusual luminescence properties. We also
show that the optical bandgaps and emission characteristics of these
colloidal nanomaterials can be tuned over a broad range of visible spectral
region by compositional tailoring of mixed-halide (I and Br based)
perovskites.

*The content of this chapter has been published in “ACS applied Materials and
Interfaces, 2016, 8(1), 854-861. Reproduced by permission of American
Chemical Society
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4.1. Introduction
Organometal-halide perovskites have been receiving significant attention
recently due to their distinctive electronic and optical properties, which have led
to record high power conversion efficiency (PCE) of >20% in solutionprocessed perovskite solar cells (PSCs).[1-5] These properties include strong
broad-band absorption, tunable optical properties, and the ambipolar nature of
charge carriers with long lifetimes, which are under intense scientific
investigations at this time. The 3-D perovskite structure, with a general formula
ABX3, is versatile and allows substitutions of a variety of organic cations (A),
divalent metal ions (B), and halogens (X), resulting in tunable changes in their
optical and electronic properties. More recently researchers have been
developing synthesis approaches to create a variety of nanostructures of
organolead-halide hybrid perovskites to expand the property space and to
achieve altogether new properties through quantum effects.[6-7] These
nanostructures possess high quantum yield and strong optically-tunable
fluorescence with narrow emission bandwidths, making them suitable for diode
and lasing applications.[8] Some research groups have used antisolvent
crystallization approach[9-11] to obtain 0-D (quantum dots or QDs), 1-D
(nanorods, nanobelts, nanowires), 2-D (nanosheets) of CH3NH3PbX3 (MAPbX3)
based perovskites. This antisolvent crystallization approach has also been used
to obtain films of 3D hybrid perovskite (without any organic moiety for
intercalation) and shown to improve the photovoltaic performance of hybrid
solar cells.[12]
Recently, Zhou et. al.[13] demonstrated a room-temperature antisolvent-solvent
extraction (ASE) process for the synthesis of dense, ultra-smooth MAPbI3
perovskite thin films. In that approach, the MAPbI3 precursor solution in NMethyl-2-Pyrollidone (NMP) solvent was spin-coated on a substrate, and then
the wet film was immediately dipped in a bath of a second solvent, diethyl ether
(DEE), to facilitate rapid nucleation and growth of perovskite crystals. Planar
PSCs fabricated from those films delivered up to 15% PCE.
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In this work, we build upon this simple, scalable antisolvant-solvant extraction
(ASE) approach for the synthesis of unusual, low-dimensional MAPbX3-based
perovskite colloidal nanostructures in a single step. This is accomplished by
combining the ASE technique with the electrospray process. Electrospray is a
versatile method for materials growth.[14] in which fine liquid droplets are
dispensed from a sharp tip onto a metal or a metal-supported substrate under an
applied electric field between the tip and the substrate. In this method no
polymers (or macromolecules) are used; instead only fine liquid droplets are
dispensed.

Figure 4.1. Schematic illustration of the synthesis of MAPbX3 perovskite
quantum structures by electrospray antisolvent-solvent extraction (ASE)
route.
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In the present work, we use a novel variant of the commonly used
electrospinning or electrospray method, where instead of a solid substrate a bath
of the antisolvent (without and with a capping agent) in a metal-electrode
container is used as the substrate. A schematic illustration of this process is
shown in Figure 4.1. In this process, under the high electric field the surface
tension of a droplet breaks it into a jet of nano-droplets of the precursor solution
which fall into antisolvent (toluene) bath, resulting in rapid crystallization of the
perovskite leading to uncapped 0-D nanoparticles. In related experiments, we
have also used oleylamine (OA) as a capping agent in the toluene bath to arrest
the nanoparticle growth. OA (C18H35NH2) is a long-chain neutral alkyl molecule
with amine (-NH2) functionality, which not only serves as a capping agent but,
more interestingly, also contributes to the formation of 2-D sheet-like quantum
structures of layered perovskites by intercalation via host-guest chemistry. This
leads to anisotropic quantum confinement of excitons which influences their
luminescence properties.
Recently, it has been shown that mixed-halide-based perovskites hold great
promise for applications in the area of laser diodes and light emitting diodes
(LEDs).[15] The mixed-halide perovskite compositions offer advantages of
bandgap tuning over a wide visible spectrum.[16] Thus, we have also synthesized
mixed-halide perovskite (MAPbI(3-x)Brx) nanostructures using this method by
simply mixing the MAPbI3 and MAPbBr3 precursor solutions in different
proportions. We show that the optical bandgaps and photoluminescence (PL) of
these colloidal solutions can be tuned over a wide wavelength range of 500 nm
to 700 nm.
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4.2. Experimental Section
4.2.1. Materials.:
All chemicals and solvents were used as-received without further purification,
which included: PbI2 (lead iodide 99% pure Alfa Aesar), PbBr2 (lead bromide.
99% pure, Alfa Aesar), hydroiodic acid (HI; 57 wt.% in water, Sigma Aldrich),
hydrobromic acid (HBr; 48 wt.% in water, Sigma Aldrich), methylamine
(CH3NH2; 33 wt.% solution in absolute ethanol, Sigma Aldrich), oleylamine
(OA; Sigma Aldrich), N-methyl-2-pyroliddone (NMP; Analytical Grade Chem
Labs), and toluene (Analytical Grade Chem Labs).
4.2.2. Synthesis of MAPbX3 Nanomaterials:
For MAPbI3, 1 mM of PbI2 and 1 mM of MAI were dissolved in 2 ml of NMP
for about 6 h. After ensuring the homogeneity of the solution, it was fed into the
1 ml DISPO VAN syringe (26 gauge). This solution was dispensed at a flow
rate of 0.6 ml/h under a very high electric field of 1.8 kV/cm. The distance
between the needle and collector was kept at 10 cm. The jet of droplets thus
formed was directed into an antisolvent bath of liquid held in a metal container
used as the ground terminal. This bath contained either toluene or toluene with
the OA capping agent dissolved in it. The MAPbBr3-based nanostructures were
also fabricated using the same strategy with 1 mM of PbBr2 and 1 mM of MABr
as the precursors. The amount of OA in toluene was varied systematically to
prepare MAPbI3 QDs. For the synthesis of mixed-halide-based layered
perovskites separate precursor solutions of MAPbI3 and MAPbBr3 were mixed
in 1:3, 1:1, and 3:1 ratios. The experimental conditions for these electrospraying
experiments were the same as above. In additional experiments, the MAPbI3
precursor was directly electrosprayed into 100 mL of toluene bath without OA
for about 20 min, followed by the quick addition of 100 μL of OA to the toluene
bath.

Rounak A. Naphade

Page 106

PhD Thesis

AcSIR

Chapter 4

2016

4.3 General Characterization:
X-ray diffraction (XRD) patterns were recorded using a powder diffractometer
(Xpert 1712, PANanalytical) using monochromatic Cu Kα X-ray radiation
(λ=1.5402 Å). An ultraviolet-visible (UV-vis) spectrophotometer (LAMBDA
950, Perkin Elmer) was used to collect the absorption spectra. PL spectra
(Fluromax 4C, Horiba) and PL life-time (FLS980, Edinburgh Instruments)
measurements were also performed on the nanostructures produced. Surface
properties of the nanostructures were characterized using X-ray photoelectron
spectroscopy (XPS; Phi 5000 versa Probe 2, Physical Electronics, ULVAC PHI)
equipped with a monochromatic Al Kα (λ=1486.6 eV) x-ray radiation and a
hemispherical analyzer. Here the specimens were prepared in a glove box and
hermetically sealed. Just before the XPS characterization, the specimens were
opened and immediately loaded into the XPS chamber to avoid any ambient
degradation. For recording the XRD and XPS data the specimens were prepared
by drop-casting the colloidal dispersion in toluene on a Si wafer and drying. In
the case of transmission electron microscopy (TEM) characterization (300 T-30
Tecnai, FEI Corp.), the colloidal dispersion in toluene was drop-cast on carboncoated TEM copper grids and dried.
4.4 Result and discussion:
4.4.1 MAPbI3 and MAPbBr3 3-D Perovskites Grown without Oleylamine:
Initially, the MAPbI3 precursor solution was electrosprayed directly into the
toluene bath which contained no capping agent. This resulted in the formation
of nanoparticles of average size 50±15 nm [Figures 4.2(a) and 4.2(d)]. The
indexed XRD pattern in Figure 4.2(b) confirms the tetragonal phase of MAPbI3
(space group I4/mcm). The UV-vis spectrum in Figure 4.2(c) shows a broad
absorption feature over the entire visible range. Similarly, the PL spectrum
shows broad fluorescence centered at ~760 nm. This is blue-shifted by ~20 nm
as compared to the bulk perovskite case.17 In the case of MAPbBr3 [Figure
2(d) and 2(e)] the nanoparticles (~50 nm) are of cubic phase (space
groupPm3m), with a narrower PL peak centered around 550 nm. It has been
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reported that long alkyl-chain-based ammonium salts can be used to create
different types of perovskite nanostructures.[9] Here we have used OA as a
neutral ligand [18] in the antisolvent toluene bath to serve a dual purpose, namely
capping agent and intercalation agent, for the spray of the perovskite precursors
falling into the bath. Note that other long alkyl-chain-based ammonium salts
such as, n-octylammoium bromide and n-butylammonium bromide salts,[19,20,21]
can also be used in this method.

Figure 4.2 SEM images of the nanoparticles: (a) MAPbI3 and (d)
MAPbBr3. Indexed XRD patterns of the nanoparticles: (b) MAPbI3 and (e)
MAPbBr3. UV-vis and PL spectra (excitation wavelength 510 nm for
MAPbI3 and 400nm for MAPbBr3) of the nanoparticles: (c) MAPbI3 and (f)
MAPbBr3.
Initially, experiments were performed using OA quantity varying over the range
of 50-100 μl in 100 ml toluene bath to determine the effect of OA concentration
on the nature of quantum structures formed. Figure 4.3 shows the FE-SEM
images for three such cases. With 50 μl of OA we observed the assembly of
nanoparticles, along with sheet-like structures. As the amount of OA was
increased to 80 μl, the sheet-like structures were found to increase. However,
some nanoparticles-assembly was still seen to be present in that sample. For the
case of 100 μl OA only sheet-like structures were observed. We also measured
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50 μL OA

10 μm
80 μL OA

10 μm
100 μL OA

10 μm
Figure 4.3 shows FE-SEM images for change in morphology of MAPbI3
based layered perovskite w.r.t. change in concentration of OA.

Photoluminescence (PL) spectra of the colloidal solutions obtained for the cases
of different OA concentrations. A strong blue shift in the PL-peak maximum,
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with additional shoulder between 700 nm and 730 nm is observed for 50 μl and
80 μl OA amounts. Zhang et al.10 have reported similar PL peak at 734 nm for
MAPbI3 quantum dots. However, the shoulder disappears as the amount of OA
is increased to 100 μl in the toluene bath, with the PL-peak maximum occurring
at 630 nm as shown in figure 4.4. This large blue-shift of ~130 nm suggests that
the OA is not only acting as a capping agent but it also plays a role in modifying
the perovskite crystal structure itself. Thus, all further experiments used 100 μl

Normalized PL Intensity

of OA in 100 ml of toluene bath.

50uL OA
80uL OA
100uL OA
w/o OA

1.0
0.8
0.6
0.4
0.2
0.0

500

600

700

800

Wavelength (nm)
Figure 4.4 shows the photoluminescence spectra of MAPbI3 based
perovskite colloidal solutions obtained with variation in concentration of
oleylamine in toluene bath.

4.4.2 MAPbI3-Based Layered 2-D Perovskites Grown with Oleylamine:
The TEM image in Figure 4.5(a) shows nanosheet-like 2-D layered perovskite.
The areal sizes of these nanosheets are quite large, in the micron range.
Additionally, the ‘spot’ selected-area electron diffraction pattern (SAEDP) in
Figure 4.5(a) inset confirms the single-crystal nature of the 2-D perovskite
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nanosheets. The structure of this 2-D perovskite comprises ordered hexagonal
arrangement of PbI2 octahedrons in a sheet, with these sheets stacked together
through the organic ligand.[22,23] As mentioned earlier, when the MAPbI3
precursor solution falls into toluene bath it crystallizes immediately leading to
the perovskite formation. The presence of OA in the same bath can act as a
guest molecule, and it can intercalate between the thin layers of PbI2. This OA
intercalation results in distortion of PbI64- octahedra, and hence the as-formed
perovskite is stabilized in the 2D perovskite structure.
The OA intercalation can be further confirmed by the XRD results in figure
4.5(b) where high intensity peaks at very low values of 2θ=5.8˚ and 2θ=9.6˚ are
observed. This implies high inter-planar spacing, corresponding to 00l and
00(2l) reflections, respectively, where l = 2, 4, 6…, for layered perovskite with
monoclinic symmetry.[24] The interlayer spacings (d00l) for 2θ=5.8˚ and (d00(2l))
for 2θ=9.6˚ are 15.22 Å and 9.21 Å, respectively. The crystal orientation of this
2-D perovskite suggests periodic arrangement of inorganic layers comprised of
PbI2 sheets formed by series of PbI64- based octahedra and OA-based organic
ligands intercalated in between, oriented along the c-axis. In addition to sharp
peaks at low 2θ, a hump at 2θ in the range 20˚-30˚ is also observed, which can
be attributed to broadened (002) reflections from the PbI2 nanosheets. Thus, the
TEM and XRD results confirm the formation of highly-oriented singlecrystalline intercalated layered 2-D perovskite along with the formation of PbI2
nanosheets comprising PbI64-octahedrons. Note that Mitzi and co-workers

[25]

had shown occurrence of a series of such Sn-based layered 2-D perovskite
phases at low temperatures.
The UV-vis data in figure 4.5(c) shows strong absorption edge at λ = 428 nm,
which has a large blue-shift as compared with bulk MAPbI3.[26] In addition, a
broad absorption peak around ~365 nm is observed in the UV region, which
also confirms the presence of nanosized PbI2 quantum dots.[27] It has been
reported that since the inorganic framework is separated by organic molecule
intercalation in layered 2-D perovskites, such systems show high oscillator
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strength at room temperature due to large dielectric mismatch, resulting in
naturally formed quantum well structures with stable exciton binding
energies.[28] From Tauc plot [Figure 4.5(d)] the band gap of this layered
perovskite was found to be 2.8 eV, which is much higher than that of the bulk
MAPbI3 perovskite (1.55 eV). This significant increase in the band gap can be
attributed to strong anisotropic quantum confinement effects arising from the
naturally formed quantum well structures. The PL spectrum in figure 4.5(c) also
shows a broad emission centered at ~630 nm with a full-width half-maximum
(FWHM) of ~102 nm, in addition to a very large Stokes shift.
Recently Wu et al

[29]

have hypothesized that the formation of “self-trapped

exciton” is facilitated by going from 3-D perovskite to 2-D perovskites, and the
corresponding density increases. Self-trapped exciton can be ascribed to the
formation of excited state as a result of the highly covalent nature of lead-iodide
backbone. Ahmad et al.[30] have also discussed the formation of self-trapped
exciton in the case of lead-halide-based layered structures formed by using long
alkyl-chained amines as intercalating agents. Another cause for large Stokes
shift may be stacking of a few 2-D sheets leading to the formation of stable low
energy band states contributing to the exciton emission.[29] A large Stokes shift
is also reported very recently in the case of hybrid-perovskite QDs.[10]
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Figure 4.5. MAPbI3-based layered 2-D perovskite nanostructures: (a) TEM
image, (b) XRD pattern, (c) UV-vis and PL spectra (excitation wavelength
365 nm) (inset: photograph of the colloid), and (d) Tauc plot obtained from
the UV-vis data.

Further we performed the AFM analysis to quantify the minimum thickness of
2-D sheets when the corresponding dilute solution is drop casted onto a silicon
wafer surface. As may be seen from figure 4.6 the minimum thickness is about
3-4 nm. At some places, the sheets have clearly stacked up enhancing the
height, as expected. The lateral width of the thinnest sheets is of the order of
400-500 nm.
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Figure 4.6 shows the AFM image and height profile data for MAPbI 3 based
layered perovskite.

Because crystallization of the perovskite phase and intercalation of OA inbetween the PbI2 layers are kinetically competing processes in the bath, to gain
deeper insight into the OA intercalation process, OA was added to the antisolvent bath after perovskite crystallization. The UV-vis spectrum for those
samples shown in figure 4.7 reveals multiple absorptions at 365 nm, 510 nm,
and 571 nm. The peaks at 510 nm and 571 nm are due to the 3-D MAPbI3
perovskite, and the peak at 365 nm is due to nanosized PbI2 particles. These
results suggest that the OA addition after electrospray affects the as-formed
perovskite nanoparticles by decomposing them into PbI2 QD, and that only the
presence of OA in the toluene bath during electrospray results in its
intercalation leading to formation of layered 2-D perovskite.
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Figure 4.7 UV-vis spectrum of MAPbI3-based nanostructures formed in
Toluene bath where the OA is added after the crystallization is complete.

The PL decay dynamics for the case of MAPbI3-based layered 2-D perovskite is
shown in figure 4.8. The PL decay was fitted with bi-exponential decay
resulting in lifetimes of τ1=20 ns (35.5%) and τ2=74 ns (64.5%). Such biexponential decay confirms the presence of two different species involved in the
recombination process. The relatively long lifetimes confirm the presence of
surface trap states produced by the isolated PbI2-based octahedra.[31] Such defect
centers are mainly responsible for the large Stokes shift and the longer lifetime
decays.
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Figure 4.8 PL (excitation wavelength 400 nm) lifetime decay for MAPbI3based layered 2-D perovskite nanostructures (bi-exponential fit).

4.4.3 MAPbBr3-Based Layered 2-D Perovskites Grown with Oleylamine:
The TEM images in figures 4.9(a) and 4.9(b) show the presence of 2-D
nanosheets and 0-D QDs, respectively, of the MAPbBr3-based perovskite. The
size of the monodispersed quantum dots [Figure 4.9 (b)] is ~2-3 nm. The XRD
pattern in figure 4.9(c) shows the corresponding peak broadening, and sharp
peaks at small 2θ (5˚-10˚) similar to what is observed in figure 4.5(b). The PL
spectrum in figure 4.9(d) shows a single emission centered at ~520 nm.
The strong quantum confinement effect is primarily responsible for the
observed blue-shift vis-a-vis the bulk 3-D perovskite.[32] This sharp PL emission
is mainly an excitonic emission with a narrow line width of ~25 nm. It should
be noted that the Pb-I bond is more polar than the Pb-Br bond, hence the
precursor droplets falling in the bath are stabilized more rapidly in the Pb-Br
case leading to higher density of capped QDs.[33] Thus, in the bromine-based
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perovskite case, the role of OA as capping agent is more effective in stabilizing
the 0-D QD, although some 2-D sheets are also seen due to its role as the
intercalating organic moiety. The Tauc plot in figure 4.9(e) shows two
distinctive band gaps of Eg=2.2 eV for QDs and Eg=2.9 eV for the layered 2-D
perovskite.
The PL decay dynamics for MAPbBr3-based colloidal solution was also studied
for recombination lifetimes [Figure 4.9(d)]. The PL decay is fitted using a triexponential function, with lifetimes τ1=5.7 ns (40.4%), τ2=16.2 ns (41.5%), and
long-lived carriers with τ3=125 ns (18.1%). The relative contribution of longlived carriers is significantly less as compared to the earlier reported work.[10]

Figure 4.9. MAPbBr3-based layered 2-D perovskite nanostructures: (a) and
(b) TEM images, (c) XRD pattern, (d) PL lifetime decay (tri-exponential
fit), (e) UV-vis and PL spectra (excitation wavelength 365 nm) (inset:
photograph of the colloid), and (f) Tauc plot obtained from the UV-vis
data.
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4.4.4 MAPbI(3-x)Brx Mixed-Halide Layered 2-D Perovskites Grown with
Oleylamine:

The TEM image of mixed-halide MAPbI1.5Br1.5-based layered 2-D perovskite in
figure 4.10(a) shows a nanosheet (wrinkled), and the ‘spot’ SAEDP (inset)
confirms its single-crystal nature. figure 4.10(b) shows the XRD pattern of this
mixed-halide material, along with the XRD patterns from MAPbI3 [Figure
4.5(b)] and MAPbBr3 [Figure 4.9(c)]. This inset in figure 4.10(b) shows that
the maximum in the broad hump for MAPbI1.5Br1.5 is in-between those for
MAPbI3 and MAPbBr3, as expected. It is reported that for mixed-halide based
layered

2-D perovskite structures, Br- preferentially occupies the apical

positions in the Pb-X octahedra.[28] Since the ionic radius of Br- is smaller than
the I-,[34] overall structure of MAPbI1.5Br1.5 is dominated by the Br-based
layered 2-D perovskite. Also, this results in the smaller d(00l) and d[00(2l)]
interlayer spacing of 14.8 Å and 9 Å, respectively, in MAPbI1.5Br1.5 based
nanostructures compared to those in MAPbI3 based nanostructures. Figure
4.10(c) shows the normalized absorbance spectra for mixed-halide layered 2-D
perovskites: MAPbI3, MAPbI2.25Br0.75, MAPbI1.5Br1.5, MAPbI0.75Br2.25, and
MAPbBr3. Sharp excitonic features corresponding to single absorption peak are
seen in each case, and the photographs of the colloids (inset) show the
corresponding colors. The normalized PL peaks [Figure 4.10(d)] are
systematically blue-shifted with increasing Br content. Additionally, the PL
linewidth is also seen to decrease considerably from full width at half maximum
(FWHM) from 102 nm down to 30 nm with increasing Br content. In the case of
MAPbBr3 perovskites the emission characteristics are mainly excitonic in
nature, while in the case of MAPbI3 perovskites they are mainly observed due to
“self-trapped excitonic” character which results in the PL-peak broadening.
Thus, in the mixed-halide-based perovskites, the increasing substitution of I- by
Br- progressively reduces the self-trapping effect. Since the electronegativity of
Br- is higher than that of I-, in the mixed halide cases the Br atom substitution in
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lead iodide crystal framework affects the overall band structure allowing the
effective band gap tuning over the broad visible range.

Figure 4.10. Mixed-halide MAPbI1.5Br1.5-based layered 2-D perovskite: (a)
TEM image (inset” SAEDP) and (b) XRD pattern. Layered 2-D
perovskites: MAPbI3, MAPbI2.25Br0.75, MAPbI1.5Br1.5, MAPbI0.75Br2.25, and
MAPbBr3 (c) normalized UV-vis spectra (inset: photographs of the colloids
of indicted compositions), and (d) normalized PL spectra (excitation
wavelength 365 nm).

4.4.5 X-ray photoelectron spectroscopy (XPS) Studies:

The XPS data in figures 4.11(a)-4.11(d) provide further insights into the
structural aspects of these as-formed hybrid nanomaterials. In the XPS data in
figure 4.11(a) for the three compositions, MAPbI3, MAPbI1.5Br1.5, and
MAPbBr3,two symmetric peaks of Pb 4f7/2 and Pb 4f5/2 are observed at binding
energy (B.E.) values of 138.2 and 143.0 eV, respectively. The energy difference
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due to spin-orbit splitting of 4f orbital is 4.8 eV, which is in agreement with the
literature values.[35] No sign of metallic Pb was observed in these three
compositions. The XPS data in figure 4.11(b) show two peaks corresponding to
I 3d5/2 and I 3d3/2 at B. E. values of 618.4 eV and 629.9 eV, respectively, with
the spin-orbit splitting energy of 10.5 eV. The peak positions for MAPbI3 and
MAPbI1.5Br1.5 are almost overlapping. The N1S XPS data for all the three
compositions are plotted in figure 4.11(c). For MAPbI3, the N1S data can be
fitted to two peaks at 399.3 eV and 401.1 eV. The peak at 399.3 eV can be
attributed to the presence of free amine (-NH2) group of OA capping the 0-D
QDs, while the peak at 401.1 eV can be attributed to NH3+ in MAI,[36]
confirming the two types of nitrogen attached to the lead-halide framework. The
NH3+ occupies the corner positions of perovskite unit cells and -NH2 group
intercalates and separates the inorganic lead iodide sheets. However, in the case
of MAPbI1.5Br1.5, and MAPbBr3 three peaks can be deconvoluted at 399.3 eV
400.4 eV, and 401.3 eV as shown in figure 4.11(c). Since Br-containing
perovskite crystallizes into 2-D nanosheets as well, the additional 400.4 eV B.E.
peak can be attributed to the -NH2 group of the intercalated OA. In the
MAPbBr3 XPS data in figure 4.11(d) the B.E. peak positions for Br 3d5/2 and
Br 3d3/2 are at 68.0 and 69.0 eV, respectively, which are at somewhat higher
B.E. compared to MAPbI1.5Br1.5. This can be attributed to the changes caused to
the electron density distribution in the bond by the more electronegative Br.
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Figure 4.11. XPS data: (a) Pb-4f (MAPbI3, MAPbI1.5Br1.5, MAPbBr3),
I-3d

(MAPbI3,

MAPbI1.5Br1.5),

(c)

N-1S

(MAPbI3,

(b)

MAPbI1.5Br1.5,

MAPbBr3), and (d) Br-3d (MAPbBr3, MAPbI1.5Br1.5).
4.5 Conclusion

We have demonstrated the use of modified electrospray-assisted antisolventsolvent extraction protocol for the synthesis of 0-D QDs and 2-D nanosheets of
I and Br based as well as mixed halide hybrid perovskite systems. The 0-D QDs
result via oleylamine (OA) capping, while the 2D nanosheets are realized via
OA intercalation. The MAPbI3 and MAPbBr3 0-D QDs show interesting optical
properties, whereas the mixed-halide 2-D layered perovskite nanostructures
show unusual luminescence properties. The optical band gaps and emission
characteristics of these colloidal mixed-halide nanomaterials can be tuned over
a broad range of visible spectral region via compositional tailoring.
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Chapter 5
Hybrid perovskite films with highly
enhanced optical and electrical properties
by addition of quaternary alkyl ammonium
salt.
In this work, we report significant enhancement in the luminescence and
electrical properties of MAPbBr3 thin films prepared via simple single step
spin coating process by a novel additive mediated solvent extraction route.
This process also improves the electronic properties due to less disordered
structure formation which was confirmed through Photo thermal
deflection spectroscopy. Herein we have used quaternary alkyl ammonium
halide based salt as additive which was dissolved in chloroform as an antisolvent. The salt treated films posses less electronic disorder which was
measured in terms of Urbach energy. The Urbach energy was reduced
from 38meV to 18meV. This decrement suggests that these films are far
superior for optoelectronic applications as compared to the untreated
samples. Indeed, the Photoluminescence (PL) quantum yield for these films
was enhanced from 1% (w/o additive treatment) to 30% (w additive
treatment). Further the light emitting diode was fabricated which showed
0.3% external quantum efficiency at 11V. Our device showed around 5V
turn on voltage.
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5.1. Introduction
Solution processible hybrid organic inorganic perovskites have shown
promising outcomes in the field of optoelectronics and photovoltaics towards
the end of the last decade.[1-5] Now the solar cells efficiencies have reached up
to 22% which holds great promise for future photovoltaic technology
advancement.[6] The intrinsic properties of these semiconductors possess high
photoluminescence quantum yield, easy band gap tailoring, low lasing
thresholds[7-8] which make them more suitable for light emitting diodes (LEDs)
and lasing applications .[9-10] Methyl ammonium lead bromide (MAPbBr3) based
perovskite has shown remarkable success in LED applications as emission
layer.[11-15] This material possesses high exciton binding energy (90-170 meV)
and it has greater air stability as well. [16-17]
These semiconductors can be easily solution processed and hence spin coating
is widely accepted method for perovskite thin film preparation. There are
various other routes which have also been explored in terms of making uniform
and smooth perovskite films.[18-23] Recently Himchancho et al. has mentioned
that the film fabrication goal for perovskite based light emitting diodes is
completely different from the perovskite based solar cells. In solar cells, faster
exciton dissociation and diffusion are required hence uniform films with larger
grain size are essential. However for LED applications, uniform smooth films
with lower exciton diffusion length (LD) are needed. Many attempts have been
reported such as solvent engineering, supramolecular passivation, vapour
assisted crystal growth for preparation of uniform and smooth perovskite films
with good optoelectronic properties. [24-26]
In this work we demonstrate a novel additive mediated solvent engineering
approach to form highly luminescent perovskite films with significantly less
electronic disorder. We apply Tetrabutylammonium bromide (TBAB) solution
in chloroform as anti-solvent on to the perovskite film while spin coating. Such
treated films exhibits smooth uniform film nature with smaller grain size and
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additionally posses very high photoluminescence quantum yield (PLQE about
30%). These films were characterized using X-ray diffraction (XRD), UVVisible spectroscopy (UV-Vis), time resolved photoluminescence (TRPL) and
photo thermal deflection spectroscopy (PDS) techniques. Furthermore this
TBAB treated perovskite layer was employed as emission layer in perovskite
based LEDs which has shown promising results.
5.2.

Experimental Section

5.2.1.

MAPbBr3 film formation:

MAPbBr3 perovskite precursor solution was prepared by dissolving lead acetate
(PbAc2) and methyl ammonium bromide (MABr) in 1:3 molar ratio in DMF to
get 40wt% solution. 0.1M Tetrabutylammonium bromide (TBAB) solution was
prepared by dissolving 161.2mg of TBAB in 5mL of chloroform. Perovskite
solution was spin coated on glass at 200 rpm for 60 seconds. For TBAB treated
films, during spin coating after 10 seconds 100μL of TBAB solution was
dripped onto the rotating film surface. Further the films were annealed at 1000C
for 5 minutes, washed with chloroform and dried at room temperature. We have
also made control films under the same conditions without additive treatment.
These films are called as ‘w/o additive’ while TBAB treated films are called as
‘w additive’.
5.2.2.

Light emitting diode (LED) device fabrication:

Patterned ITO glass was washed by sonicating in Acetone and isopropanol
sequentially for 15 minutes. Oxygen plasma treatment was given for about 1
minute to cleaned substrate. 50nm PEDOT-PSS compact layer was deposited by
spin coating aqueous PEDOT-PSS solution at 5000 rpm for 30 seconds. Further
films were annealed at 1000C for 30 minutes. A very thin layer f Al2O3 was
deposited by spin coating ethanolic solution of Al2O3. Further the films were
annealed at 1000C for 15 minutes. Later TBAB treated perovskite films were
deposited as mentioned in the film fabrication protocol [Process B]. A 50 nm
electron injection layer comprised of 2:1 blend of 2,2′,2"-(1,3,5-Benzinetriyl)Rounak A. Naphade
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tris(1-phenyl-1-H-benzimidazole) (TPBi) and poly{[N,N′-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′bithiophene)}(N2200) was then deposited. Later LiF/Al (2-3nm/100nm)
electrodes were thermally evaporated as top electrode.
5.3 General Characterization:
The morphology of MAPbBr3 films was studied by the scanning electron
microscope (FE-SEM, Nova Nano SEM 450). The XRD pattern was recorded
using Xpert 1712 PANanalytical diffractometer with source radiation of Cu Kα
(λ = 1.542 Å). The absorption data for MAPbBr3 films was recorded using
Perkin Elmer Lambda 950 spectrometer. The blank quartz plate was used as
reference. PDS measurements were carried out on the MAPbBr3 films. The
details of PDS set up and measurements, and calculation for Urbach energy are
given in Sadhanala et al. [27]. The Photoluminescence (PL) and time resolved PL
measurements were carried out on FLS980, Edinbrough instruments. The PLQE
was measured directly using integrated sphere accessory.
5.4 Results and discussion:
a

MAPbBr3

60 sec
1000C

TBAB treatment

b

MAPbBr3

60 sec
1000C

Figure 1 shows the schematic diagram of perovskite thin film formation
with additive mediated solvent extraction process.
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Figure 1 shows the schematic of the additive mediated solvent engineering
approach process.

Process (A) shows the conventional perovskite film

formation route while process (B) depicts our modified method. Here we have
used 0.1M TBAB solution which was dispensed during the spin coating on to
the perovskite film. This addition was carried out after 10 seconds of initiation.
The concentration of perovskite precursor solution is mentioned in the
experimental section. This precursor solution gives faster perovskite crystal
growth with uniform pin hole free films. This process also takes very short
annealing time. For comparative study we have annealed both the films at
1000C for 5 minutes after spin coating. The films prepared with the process (A)
show uniform film with no luminescence under UV-lamp (λexc = 365 nm)
whereas the films with process (B) gives very bright green luminescence.
During spin coating, in the initial stage the solvent evaporation starts and the
overall composition gets concentrated. The sudden dripping of anti-solvent
helps in quick removal of DMF leading to homogenous film formation. In
addition, we have employed TBAB which is quaternary ammonium salt as an
additive. TBAB is used as phase transfer catalyst and as capping agent in the
synthesis of gold nanoparticles. [28-29] In our case, TBAB helps in passivation of
the perovskite surface. Details of this luminescence origin are discussed later.

In order to understand the role of TBAB treatment on the crystal size and film
morphology we performed FE-SEM analysis of these films. Figure 2(a) shows
the FE-SEM image of MAPbBr3 perovskite film obtained through process (A).
This film shows the full coverage without pin holes. Figure 2(b) shows the high
resolution image of Figure 2(a) in which the crystalline grains are of the order
of a few hundreds of nanometers. Whereas the films obtained via process (B)
shows a uniform coverage but with a very small crystalline size. Figure 2(c)
shows the full coverage with rough surface of perovskite film. The TBAB
treatment has clearly affected overall crystal growth during perovskite film
formation and a dense film consisting nanocrystals of MAPbBr3 perovskite is
obtained.
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Figure 2(d) shows the high resolution image of Figure 2(b) which confirms that
the TBAB treated film is composed of tiny crystals of MAPbBr3 in the range of
50-70 nm.

b

a

4 μm

4 μm

c

d

500 nm

500 nm

e

w/o additive
w additive

f

Eg =2.24eV
Eg =2.3eV

Figure 2 shows the FE-SEM images for MAPbBr3 thin films. (a and c)
shows the films obtained with process (A) and (b and d) shows the films
obtained with process (B). Figure 2(e) shows the X-ray diffraction pattern
and figure 2(f) shows the UV-Vis absorption spectrum for MAPbBr3 films
with process (A) and (B).
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Thus the TBAB solution dripping arrests the overall crystal growth of MAPbBr3
while film formation. The tiny crystals with the surface passivation by TBAB
mainly contribute towards the major enhancement of the photoluminescence of
MAPbBr3 film.
In Figure 2(e) we show the XRD pattern for MAPbBr3 films with and without
TBAB treatment. It shows the formation of cubic phase MAPbBr3 with space
group Pm3m.

[21]

The XRD pattern reflects the peaks at 2θ =150, 300 and 460

which can be assigned to (100), (200) and (300) planes MAPbBr3 films. The
inset of figure 2(e) shows the shift in (100) reflection towards higher 2θ values
suggesting the decrease in lattice parameter of TBAB treated films as compared
to the conventionally processed ones. Additive treatment in our case results in
rapid nucleation of perovskite crystals in the presence of TBAB. The as formed
perovskite has a charged surface and hence the halide ions on the surface of
perovskite crystals have charge imbalance. The Tetrabutylammonium ion is a
quaternary cation which can bind to the uncompensated halide ions on the
surface of perovskite crystals. Such binding can cause a strain gradient in the
crystal structure of MAPbBr3 with decrement in the lattice parameter. In our
case we believe that this shift in the peak position mainly arises due to such
binding.

Figure 2(f) shows the UV-Vis data for the MAPbBr3 films. The absorption
spectrum shows the overall enhancement in the absorption for TBAB treated
film as compared to the conventionally processed film. The absorption spectrum
shows sub-band gap absorption tail and strong exciton peak. For TBAB treated
samples the exciton peak is broadened as compared to the conventional film. It
has been reported that such broadening can be attributed to structural disorder in
the system and not the compositional disorder. In our case, TBAB treated film is
composed of tiny MAPbBr3 nanocrystals. Such crystals can contribute in
enhanced light scattering effects as compared to the conventional film. Similarly
the positive slope of band edge is enhanced in the case of TBAB treated
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samples. N. Kumawat et al. have shown that in the case of MAPbBr3 films, the
overall absorption enhancement near the band gap region is mainly due to the
excitonic absorption.[30]
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Figure 3(a) shows the PDS spectra; (b) shows the Photoluminescence
spectra for thin films of MAPbBr3 obtained through Process (A and B).
Figure 3(c) shows the time resolved photoluminescence spectra for
MAPbBr3 films. Figure 3(d) shows the PL stability for MAPbBr3 thin film
obtained through process (B) at 1000C for 30 mins (red) and 2 hrs (blue)
annealing time.

To understand the effect of TBAB treatment in detail we performed PDS
measurements on our samples. PDS is a very sensitive absorption technique to
measure the absorption near the band edge and the measurements is less
affected by light scattering effects.[8] The PDS spectra for MAPbBr3 films with
and without additive treatment are shown in Figure 3(a). The absorption of
TBAB treated perovskite film is enhanced by two orders of magnitude as

Rounak A. Naphade

Page 132

PhD Thesis

AcSIR

Chapter 5

2016

compared to the one without TBAB treatment. Moreover, the band edge for
TBAB treated film is sharp indicating that the sub-band gap defect density is
reduced significantly. This suggests that upon TBAB treatment the electronic
disorder in this semiconductor film is dramatically decreased. Based on these
data we have further calculated Urbach energy by considering the slope of
Urbach tail. The estimate of Urbach energy mainly gives a quantitative measure
of the electronic disorder in a semiconductor.

[31]

In our case the Urbach energy

for w/o additive treated film is about 35-38meV whereas for TBAB treated
sample it is just 15-17meV. This substantial reduction in Urbach energy
confirms the less electronic disorder in the TBAB treated MAPbBr3
semiconductor film.

Figure 3(b) shows Photoluminescence spectra of MAPbBr3 films. Upon TBAB
treatment the PL intensity of the film is enhanced dramatically by a factor of
250. The inset of figure 3(b) shows the PLQE measured for these films using
integrated sphere assembly. The PLQE of w/o additive treated film is about 1%
which has been significantly enhanced to 30% upon TBAB addition. Such
enhancement in the PLQE can be attributed to the lowering of nonradiative
recombination pathways inside the MAPbBr3 films. TBAB used in this work
binds strongly to the surface of perovskite crystals to stabilize the uncoordinated
halide ions.

Time resolved PL intensity decay for MAPbBr3 films was also measured to
further study radiative recombination in this system. TBAB treated film shows a
higher PL life time as compared with untreated film. The PL life time curves
were fitted by a bi-molecular exponential decay scheme. Upon TBAB treatment
the PL life time is enhanced from 20 ns to 160 ns indicating that non-radiative
recombination was suppressed in TBAB treated MAPbBr3 films due to the less
defect density which is also consistent with previous discussion.
In order to study the effect of temperature on the luminescence properties of
TBAB treated MAPbBr3 films, we annealed these films at 1000C for prolonged
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time. The data were recorded immediately after taking out the films from hot
plate. Figure 3(d) shows the stability of PL intensity data recorded after
different time intervals. Even after annealing film for 30 mins at 1000C the PL
intensity remains the same. The PL intensity drops to 75% of initial after
annealing this film for about 2 hrs. This result suggests that TBAB treated
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perovskite films possess higher PLQE even after long time annealing treatment.
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Figure 4(a) shows the schematic of LED device (b) shows the graph of
current density and external quantum efficiency curves at room
temperature. Figure 4(c) shows the band alignment schematic for LED
device. Figure 4(d) shows the normalized EL intensity as a function of
wavelength.
We have further demonstrated the potential of such treatment in the real device
application. We have fabricated perovskite based light emitting diodes using
TBAB treated MAPbBr3 films. The device was fabricated by depositing 50nm
PEDOT:PSS on to the ITO coated glass substrate, then 1nm of Al2O3 was
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deposited on top of PEDOT:PSS followed by the TBAB treated perovskite. A
50nm electron injection layer comprised of 2:1 blend of 2,2′,2"-(1,3,5Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) and poly{[N,N′-bis(2octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′bithiophene)}(N2200) was then deposited followed by LiF/Al (1nm/100nm).

We measured electroluminescence spectra (EL) for such TBAB treated
perovskite based devices. We obtained external quantum efficiency (EQE) of
0.3% at 11V. Our LED device showed turn on voltage is around 5V. The LEDs
based on our material show promising results with low turn on voltage and
narrow emission widths.

5.5 Conclusion
In conclusion, we report a novel and easily scalable additive mediated solvent
extraction process for the fabrication of highly luminescent and electronic
disorder free MAPbBr3 based perovskite thin films. Our method shows the
enhancement in the luminescence of perovskite thin films by factor of 250.
Similarly the PLQE values are enhanced from 1% (for untreated samples) to
30% (treated samples). Later these highly luminescent perovskite films are used
to demonstrate the LED application. Our LED devices showed 0.3% external
quantum efficiency at 11V, and a turn on voltage of 5V.
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Chapter 6
Summary and Future work

In this chapter we present the closing comments on the work presented in
this thesis. Towards end, we present new approaches for future work in this
exciting field of research.
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6.1 Summary
The need for energy production using renewable resources is currently explored
worldwide. The demand and the growth of human kind has made scientist to
extensively investigate the alternate clean and renewable energy sources. Solar
energy has tremendous potential in the current era. The use of solar energy offers
environmentally friendly solutions and sustained growth. Currently in the
photovoltaic (PV) technology the high efficiency silicon solar cells offers the
large scale implementations. However, this technology is relatively expensive and
therefore a new approach for cheaper PV systems using solution processible
routes is currently under investigation. In parallel the growth of nanotechnogy
field has offered interesting solutions and hence variety of new concepts and
design of solar cell devices have emerged out.
The research in optoelectronic devices is currently aimed at making high
efficiency low cost solar cells and highly luminescent light emitting diode (LED)
based devices. Functional inorganic oxides and organic-inorganic hybrid
perovskites based systems clearly offer promising solution with an added
advantage of low temperature processing conditions.
In this thesis we have presented use of metal nanoparticles loaded one
dimensional nanostructure for applications in the field dye sensitized solar cells.
We have also shown the novel approach of solvent-solvent extraction for the
synthesis of organic inorganic perovskites based nanostructures with unusual
optical properties. Later we have demonstrated a simple and easily scalable
method to produce highly luminescent perovskite thin films which was used for
light emitting diode applications.
Summary of each topic
1. In our first research work, we have synthesized gold (Au) nanoparticles loaded
TiO2 nanofibers using electrospinning method. Later these nanofibers were
characterized for structural and optical properties. We have used these nanofibers
as light harvesting agent in Dye sensitized solar cell architecture. we have
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discussed the role of plasmonic light harvesting in dye sensitized solar cells
(DSSC). Au loaded TiO2 nanofibers have shown promising results in terms of
light harvesting ability in DSSC. The presence of Au nanoparticles contributed in
enhancement in efficiency by 25%. However the only TiO2 nanofibers have
achieved only 12% increment in efficiency. The IPCE and impedance study of
these devices showed commensurate results. Impedance study of devices has
demonstrated decrease in transport resistance and increment in chemical
capacitance of DSSC solar cell. The systematic optical analysis of photoanodes
prepared using Au NF and TiO2 NF as scattering layer reveled the role of surface
plasmon polariton modes distributed at the nanoscale schottky junctions in AuTiO2 nanofibers.
2. In the second piece of work, We have explored the novel idea of electrospray
process in liquid bath as collector. Here we used the advantage of solvent-solvent
extraction process for synthesis of low dimensional organic inorganic perovskite
quantum nanostructures. We carried out the electrospray process of perovskite
precursor solutions in toluene bath which contained oleylamine as capping agent.
In the case of MAPbI3 based systems, we observed the formation of two
dimensional nanosheets of perovskites. The as synthesized perovskite was mainly
stabilized in layered structure with oleylamine as intercalating agent. Later we
explored the same method for MAPbBr3 based perovskite precursor. In this, we
observed formation of MAPbBr3 based 0-D quantum dots and 2-D nanosheets.
The optical properties of these as formed colloidal nanostructures have shown
very high luminescence. Later we have demonstrated the tunability of optical
band gaps in these perovskite systems by mixing the precursor solutions. In mixed
halide case, these systems demonstrated the luminescence tunability over the
broad

range

of

visible

spectrum.

The

structural

and

morphological

characterization revealed the role of oleylamine in MAPbBr3 and in MAPbI3
based nanostructures.
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3. In the third research work, we have explored the novel additive mediated
solvent extraction approach. In this, we demonstrate the formation of perovskite
thin film with high luminescence property and less electronic disorder. Here we
have used quaternary alkyl ammonium salt as an additive which was dissolved in
chloroform. Chloroform acts as an anti-solvent in this case. This salt solution was
dripped over the perovskite film during formation process. The as obtained films
had 250 times higher luminosity as compared to untreated films. We have also
studied the electronic nature of this film by Photothermal deflection spectroscopy.
PDS analysis revealed less electronic disorder in terms of Urbach energy which
was reduced from 38meV to 18meV. Similarly photoluminescence quantum yield
was enhanced from 1% to 30% after this treatment. Later we have demonstrated
the use of such method to produce light emitting diode (LED). The LED’s made
using our approach showed external quantum efficiencies of 0.3% with narrow
emission width maximum suggesting high color purity of the device.

6.2 Future work
During the course of the research work presented here several interesting and
outstanding development in the field of optoelectronics have occurred on the
international front. Recent advances in the field of organic-inorganic perovskites
have certainly boosted the hopes to develop high efficiency PV panels at low cost
compared to silicon technology. Due to interesting intrinsic properties of such
semiconductors it has also shown promising applications in light emitting diode
based devices and optical lasers as well. Based on the insight gained in past
couple of years the following points appear important for further research in this
field.
1. Recently the growth of organic inorganic based hybrid perovskites as light
harvesting agent has shown promising efficiencies (above 20%) in last couple
of years. Although high efficiencies are realized in short span of efforts, the
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stability and sustainability of such solar cells is the important factor to
address. Hence we see the following research opportunities in near future.
a) The methods to optimize crystal growth of perovskites are very essential in
terms of getting high efficiencies in devices. Various physical vapor
deposition processes such as thermal evaporation, pulsed laser deposition are
currently explored. These methods offer promising outcomes in recent time in
terms of getting smooth uniform thin films of perovskites.
b) After recent development in stability of perovskite solar cells, use of 3D2D mixed perovskites which are called as Ruddlesden- proper phases of
perovskites for solar cell applications is of current interest. Synthesis of
layered perovskite with novel functional amine based molecules along with
methylammonium or formamidinium ion is of great scientific interest.
2. Hybrid organic inorganic perovskite possess excellent optoelectronic
properties. The materials have potential to give a breakthrough performance in
solar cells and light emitting diode applications. In this context, exploring the
possibilities of novel additives to increase the photostability of perovskite thin
films can be explored. Addition of small molecules which can effectively
passivate the perovskite surface to improve the environmental stability.
Understanding the role of crystal growth on perovskite solar cell performance
is very important aspect from scientific and technological point of view.
3. Solution phase growth of perovskite based low dimensional nanostructures
such as quantum dots (QD), layered perovskites (nanosheets) have been
explored in recent years. In this context, the use of antisolvent solvent
extraction route offers very simple and easily scalable approach for the
development of variety of perovskite low dimensional nanostructures.
Exploring the various organic amine based molecules as an intercalation agent
for tuning the photo-physical properties of perovskites is a matter of
immediate scientific interest. Extending over this simple idea, the attempts has
to be made in making smooth and uniform thin films composed of low
dimensional perovskites. Good quality of thin films of these materials can be
used in optoelectronic devices
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In summary, we conclude that there are many research directions that have
opened up due to recent progresses in terms of material choice, device
engineering. All these scientific achievements offer the great promises in the
clean energy sector. With the progress of research in optoelectronics along
these lines we can hope a green and sustainable living for future generations.
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