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Abstract

MAPbIs with chloride additive is the suitable material for planar architecture of perovskite solar
cells and it also have very good photoluminescence property. Addition of chloride ions highly
enhances the carrier life time, diffusion length, crystal formation and film morphology in MAPbIs.
Different chloride based additives are highly crucial in deciding most of the physicochemical
properties in lead based perovskite CH3NHsPblz. In the present study optimized quantity and
nature of chloride precursor used for formation of large perovskite crystals with minimal disorder
were explored. It was found that the addition of ethyl ammonium chloride (EACI) increased the
crystal size, which is nearly twice (158 nm) the size of standard perovskite crystals (93 nm) having
a preferential orientation towards the (110) plane. Photoacoustic studies demonstrated that the
disorder in the perovskite crystals was highly reduced by the addition of the EACI precursor. The
effect of the alkyl chain length of an alkyl ammonium chloride precursor on the crystal growth of
CH3sNHsPblz was systematically investigated. In addition, we also used the different solvents in

two step method with EACI to reduce the surface roughness of the perovskite layer.

Recently, bismuth based perovskites with the structure (CHsNHs)3Bi2lg (MBI) are rapidly
emerging as eco-friendly and stable semiconducting material as a substitute for the lead halide
perovskites. Relatively wider bandgap of MBI (~ 2.1 eV) has been found to be a bottleneck in
realizing the high photovoltaic performance similar to that of lead halide based perovskites.
Therefore, we demonstrated the bandgap engineering of novel bismuth based perovskites obtained
by in-situ sulfur doping of MBI via the thermal decomposition of Bi(xt)s (xt = Ethyl Xanthate)
precursor. Color of the obtained films were clearly changed from orange to black when annealed
from 80°C to 120°C with bandgap of 1.45 eV, which is even lower than that of most commonly
used lead halide perovskites. After successfully reduced the bandgap of the materials, the
electronic properties of the material was also studied to find its suitability in the solar cells. The
electronic properties such as carrier concentration, mobility, and carrier life time was found to be

higher in sulfur doped MBI when compared to undoped MBI.
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Chapter 1. Introduction

1.1 Renewable energy

Most of the developed nations relies on the non-renewable energy sources like coal, oil,
and natural gas for its energy. Usage of fossil fuels are very hazardous to the nature due to the
emission of carbon dioxide, nitrogen dioxide, sulfur dioxide, carbon monoxide etc. Which are
responsible for the air pollution also non-renewable resources will be less in supply in the future.
So, extraction of power from renewable energy that are continuously restored by nature like the
sun, the wind, water, the Earth’s heat, and plants are necessary. Technologies which are employed
to convert this renewable fuels to energy should be developed in the large scale. These are named
as “clean” or “green” technologies since they produce very negligible amount of pollutants to the
atmosphere [1]. There are many types of technologies to convert these natural energy resources
which could be explained in brief. Figure 1 shows the different kinds of renewable energy sources
available globally. Organic matter which is obtained from the living organisms like plants or dung
from animals can be termed as the biomass. Through combustion of these organic matters energy
can be produced by heat also by converting it into biofuels. Generally thermal, chemical,

and biochemical are the methods used to convert biomass to bio fuels. However, recent studies

Figure. 1 Different kinds of renewable energy sources
show little to no economic potential to increase bio power in the U.S. over the next two decades

because of its relatively high costs compared with other renewable energy and low carbon
technologies [2]. Power can be generated through wind a kind of solar energy. Uneven heating of

the atmosphere by the sun, the irregularities of the earth's surface, and rotation of the earth are the



primary cause for the generation of wind. Wind turbines are used to harvest the motion energy to
generate power [3]. The main demerit in using wind energy are cost issues, environmental

concerns like noise pollution, aesthetic impacts, and supply and transport issues.

Using the thermal energy obtained from the earth crust geothermal energy is generated. Hot water
or steam reservoirs that are accessed by drilling deep in to the earth thermal energy can be obtained.
Hydrogen is the power source in fuel cells when hydrogen is consumed it produces only water, a
clean fuel for the future. The general sources for hydrogen are natural gas, nuclear power, biomass,
and renewable power like solar and wind. The good options with hydrogen energy is it can be used
to store, move, and deliver energy produced from other sources. Natural gas reforming and
electrolysis are the major conventional methods used for producing hydrogen fuel [4].

Another important renewable power source is ocean energy which can be classified into
two types i) thermal energy from the sun's heat, and ii) mechanical energy from the tides and
waves. They are the world's biggest solar collectors since oceans occupy 70% of Earth's surface.
Surface of sea water is heated more when compared to the deep shallow water and this difference
in temperature creates thermal energy. Heat trapped in small range in oceans are much enough to
power the world. Closed-cycle, open-cycle, and hybrid are the three types of systems used in
electricity conversion of ocean energy [5].

Hydropower is the endless energy source obtained from the kinetic energy of falling and
fast running water. It costs less than most of the energy sources. Through the pipe generally called
penstock the fast running water will be transferred which in turn causes the blades in turbine to
rotate and hence the power generates [4]. The amount of sunlight that hits the earth’s surface for
90 minutes can contribute electricity to the whole world for the entire year. So, among all kind of
renewable energy sources solar energy are very crucial and also the topic of our interest which

needs elaborate discussion.

1.2 Importance of solar energy

Compared to other renewable energy sources. Even though solar energy has the greater
potential at present it just only covers 0.05% of the total global energy demands (1% of total
electricity supply). The major reason for less utilization of solar energy is due to its high cost when
compared to other renewable energy sources. But solar energy is the best option for decentralized



energy supply in the remote regions of the earth [6], [7]. Total cumulative solar energy installed
worldwide is 22928.9 MW in 2009 from BP statistical energy survey [8].

The expected future of solar energy technology at 2005 is 15 GW in 2010 versus 2.7 GW
in 2006. Successful growth of silicon solar cells was also proved by 41,000 tons in 2006 to
120,000 tons in 2010 and 400,000 tons in 2015. The upcoming development and installation of
electricity through solar cells are highly motivated in developed nations like USA, Europe, and
Japan [9].

The major advantages of solar energy is i) No greenhouse or toxic gas emission ii)
Degraded lands will be recovered iii) Quality of water resources will be improved iv) Very
important in supplying electricity to rural areas in developing countries. Also solar energy is very

reliable unlike wind energy it is very consistent.

Utilization of solar energy is mandatory in order to make the financial cost of the electricity
lower, since no cost for sunlight and fabricating solar cells doesn’t need any mining or fuel
processing. Solar panels can also be used as the additional power source to reduce the total cost
provided for the electricity. Nuclear energy is also the best candidate in the production of very
clean or green energy with less cost also without causing any air pollution even though it creates
lots of harmful wastes to the sea water. Catastrophic events like chernobyl meltdown is possible

due to the long lasting of nuclear wastages in the reactors.

1.3 Different types of solar energy absorbers

1.3.1 Inorganic absorbers

Crystalline, multicrystalline, amorphous, and microcrystalline Si, the 111-V compounds and alloys,
CdTe, and the chalcopyrite compound, copper indium gallium diselenide (CIGS) are the major
inorganic materials utilized for photovoltaic application. In crystalline Si devices, using the
Czochralski method a boule of B-doped p-type Si is grown [10]. Crystalline silicon materials has
the very low optical absorption coefficient due to its indirect bandgap. So, the silicon wafer should
be 200 um thick in order to increase the absorption of incident light. For multicrystalline solar cells
Si ingots with large columnar grains about 0.3 mm in diameter is obtained by pouring molten Si

into a container followed cooling process [11]. Passivation of grain boundaries plays the crucial
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role which is done by incorporating hydrogen into the device. Since hydrogen is used in this
process silicon nitride is used as the top insulating layer when compared to SiO2 through plasma-
enhanced chemical vapor deposition (PECVD). PECVD with silane (SiH4) is the conventional
technique used for growing amorphous Si thin films [12]. For continuous production and diversity
of use amorphous silicon layers can be grown rigid substrates and also flexible substrates. In the
passivation of dangling bonds hydrogen plays the unique role which is generally the alloy of Si

and hydrogen.

Direct energy bandgaps, high optical absorption coefficients, with good values of minority
carrier lifetimes and mobilities are the major merits in I111-V compounds, such as GaAs, InP, and
GaSb [13]. Due to the narrow bandgap of the GaAs and InP around 1.4 eV they are mostly
employed as the single-junction solar cells. Manufacturing highly expensive device-quality
substrates or epitaxial layers of these compounds is the main drawback for 111-V compounds solar
cells. Low cost deposition methods cannot be employed since crystal imperfections also other
unwanted impurities strongly affects the device performance. They also have lower mechanical

strength comparatively with silicon materials.

In thin film solar cells few microns of CdTe are needed to absorb most of the incident light
due to the high optical absorption coefficient and direct bandgap of 1.5 eV. In this case material
costs are highly minimized since thin layer is enough with short minority diffusion length costly
processing is avoidable. CulnSe> (CIS) was the first chalcopyrite solar cells developed with narrow
bandgap. After crucial finding in widening the energy bandgap to 1.3 eV by incorporating Ga with
improved material quality made it the potential candidate for the solar cells with high efficiencies.
Similar to CdTe based thin film solar cells photon absorption is too high due to the high optical
absorption coefficient and needs few micron thickness to capture incident light which reducing the

fabrication cost [14].

1.3.2 Organic absorbers

Tang et al and Albrecht et al in 1975 found that the organic materials has the potential for
photovoltaic application but the efficiency was very low (Schottky diode solar cell with
chlorophyll-a). First progress was made in 1986 by Tang with device architecture of copper

phthalocyanine (CuPc) as the donor layer and 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole
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(PTCBI) as the acceptor layer and achieved 1% efficiency. Small molecules like 5,5-bis{(4-(7-
hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine}-3,3-di-2ethylhexylsilylene-
2,2-bithiophene as the donor and DTS(PTTh2)2 with PC70BM as an acceptor were used to make
bulk heterojunction device and efficiency of 6.7 % was achieved in 2012.

In case of polymer solar cells Heeger et al, Shirakawa et al, and Mac et al found an unique
properties of organic conducting polymers on polyacetylene at 1970. The intrinsic conductive
properties of these highly conjugated materials is mainly due to the sp? hybridized bonds with the
unhybridized bond. Polymer solar cells are preferable when compared to the small molecule solar
cells due to the phase separation in the same solvent and fast exciton dissociation. PCBM and
P3HT are the most widely used polymers in OPVs. Tandem Organic Solar Cells was also worth

mentioning since polymer solar cells has selective coverage in the solar spectrum.

Incorporation of carbon nanotubes (CNT) with polymer nanocomposites is another
important aspect in the field of photovoltaics. CNT can be used as the transparent conductive
layer for replacing ITO also as the composite with conducting polymers. Similarly materials like
graphene, also CNT with polymer bulk heterojunction made a remarkable plots in the field of
organic solar cells [16]. Table 1 shows the confirmed efficiency obtained for different kinds of

solar cells under the global AM1.5 spectrum.

1.3.3 Sensitized dye as absorbers

A dye-sensitized solar cells generally consist of transparent conducting oxide electrode
above that dye sensitized titanium dioxide nanoparticles film, with a platinum electrode and an
electrolyte generally containing iodide [17].

Porphyrins dye structure attracted the attention due to the similarity with natural
photosynthetic processes, also phthalocyanine dye structures for their photochemical and
phototherapeutic applications. Even though while comparing to N3 or black dye sensitizer they
are not good players in DSC because of their incapability to near IR region in the spectrum. So,
idea for covering the broad spectrum is by mixing two dyes at visible and near IR region to make
the cocktail. Generally the preferred combination is porphyrines and phthalocyanines which is

applied to mesoporous TiO- as the mixture.
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Table 1. Confirmed efficiency obtained for different kinds of solar cells under the global
AML1.5 spectrum. [15]

Classification | Efficiency | Area Voc (V) |Jsc Fill
(%) (cm?) (mA/cm?) | factor
(%)
Silicon (crystalline) 25.6+0.5 143.7 (da) | 0.740 41.8 82.7
Silicon 20.8+0.6 243.9 0.6626 39.03 80.3

(polycrystalline)

Si (thin transfer 21.2+04 239.7 0.687 38.50 80.3
submodule)

GaAs (thin film) 8.8+0.9 0.9927 1.122 29.6 86.5
GaAs 18.4+0.5 4.011 0.994 23.2 79.7

(polycrystalline)

InP (crystalline) 22.1£0.7 4.02 0.878 29.5 85.4
CIGS (cell) 20.5+0.6 0.9882 0.752 35.3 77.2
Si (amorphous) 10.2+0.3 1.001 0.896 16.36 69.8
Dye sensitized 11.9+04 1.005 0.744 22.47 71.2
Organic thin-film 11.0+0.3 0.993 0.793 19.40 71.4
InGaP/GaAs/InGaAs | 37.9+1.2 1.047 3.065 14.27 86.7

In panchromatic sensitizers application of semiconductor quantum dots are remarkable.
The compounds in II-VI and 1lI-V groups at below 5 nm can yield the desired quantum
confinement effect. By utilizing this property the absorption spectrum of the can be modified by
changing the size of the quantum dots. For single junction solar spectrum materials like InAs and
PbS are used with the tuned bandgap of 1.35 eV [18].
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1.4 Importance of perovskite material as light

absorbers

1.4.1 Perovskite materials

In 1978, weber reported the structure and physical properties of organometal halide
perovskites CHsNH3MXz (M = Pb or Sn, X = CI, Br or I) which is now reaching high success in
the field of solar cells. Atambient temperature Pb- and Sn- based halide perovskite materials were
stabilized normally in the cubic perovskite structure. In these kind of structures the unit cell
parameters depends on the size of the halides X = ClI, Br or | and it lies between 5.68 to 6.27 A.
The lattice parameters can also be tuned using the mixed halides [19]. The first unique property
which made the scientific community to turn back toward the perovskite is by increasing the
number of inorganic layers in the (CsHoNHz)2 (CH3NHz3)n-1Snlsn+1 the material can be tuned from
insulator to metal. However most of the researchers focused to use this material as the
superconductors and very less attention was paid for the photovoltaic applications until 2009.

Phase transitions with temperature in methyl ammonium (MA = CH3NH3") based halide
perovskite is the interesting point to note because of the molecular motion of methyl ammonium
cation. Using NMR spectra degree of rotation was investigated in which rapid rotation was

observed at high temperature and at low temperature it was restricted.

For the CH3NH3Pbls nanodots coated on the nanocrystalline thin film TiO2 absorption co-
efficient was estimated to be 1.5x10% cm ~* at 550 nm, this clearly indicates the diffusion length
as 0.66 um. From photoluminescence spectroscopy the PL values for CH3NH3zPbls was found to
be 750 nm and for HC(NH2)2Pbls as 850 nm. But in the case of CH3sNH3Snls red shift around 180

nm was determined in comparison with conventional lead halide perovskites.

Diffusion length is the very important parameter in fixing the performance of the perovskite
solar cells. Thicker absorber layer with large diffusion length indicates the better light harvesting
nature. Diffusion length of the solution gown single crystal reduces as the light intensity was
increased. In the case of CH3sNH3Pbl;—Clyx, 1 um diffusion length for the electrons was reported.

Even though after the serious research on perovskite solar cells the big question was either excitons
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or free carriers are existing. Excitons are tightly bound while the free carriers are available at
bottom and top electrode. Till now the binding energy of 19-15 meV was reported for lead based
perovskites. Even in various measurements like optical absorption, magneto-absorption, and
temperature-dependent photoluminescence (PL) the obtained exciton binding energy was of ~25

meV at room temperature.

DFT was used to study the physics behind the unusual defects in the perovskites. In lead
based perovskites positively charged lead (Pb?*) and methyl ammonium (MAT) ions are
responsible for defects with the lowest energy formation. These kind of defects are strongly
depends on the preparation method. Lead based perovskites may be n-type or p-type depends on

the ratio of precursors.

Although there is rapid development in perovskite field crystallinity and morphology
control are the sections which deserves the high focus. Achieving uniform, quality crystals with
100% surface coverage pin hole free are highly needed realize good light harvesting, charge carrier
transport and high diffusion length. Charge recombination mainly occur due to the grain boundary,
and defect states in perovskite crystallites. Mesoporous perovskite films has the limitation to grow

bigger crystal due to its pore size [45].

1.4.2 Different types of perovskite light absorbers

1.4.2.1 Halide Substitution in MAPbX3

Substitution of different halide from CI to Br shows the difference in the lattice constant,
and increase in the bandgap from | to Br, and CI. Increase in the electronegativity due to increase
in covalent bonding nature of halogens with metal was found to be the major reason for the increase
in bandgap. Using mixed halide perovskite like iodine with Br or Cl with Br the bandgap of the
perovskites can be easily tuned in the complete visible spectra. Nevertheless, in the combination
of iodine and CI no shift in the bandgap was reported yet. This clearly shows that in Pbls

octahedron Cl cannot replace the iodine [46].
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Table 2. Comparison of charge transport bandgap (Eg) with optical band gap (Eopt) with

exciton binding energy. [44]

Materials Eq (eV) Eopt (V) A (eV)
MAPbI; 1.70 £ 0.10 152 +0.02 0.18%0.10
MAPbBT; 2.32+0.10 1.84+0.04 0.48+0.11
MAPbCI; 3.09+0.10 2.97 +0.07 0.12 +0.12
MAPbI21Brog 1.96 +0.10 1.80 + 0.02 0.16 +0.10
MAPbI21Clog 2.64 +0.10 2.60 +0.05 0.04 +0.11
MAPbBr15Clys 2.58 +0.10 2.44 +0.10 0.14 +0.14

Reports on both the materials CHsNHsPbls and CH3NH3PbBr3 clearly showed that the Br
substitution instead of | yields the lower efficiency due to its wide bandgap. Even though they are
wide bandgap materials, it can be employed in the tandem structure and light emission applications.
Also it has good energy level matching with TiO., long charge carrier diffusion lengths, and low

exciton binding energy.

While substituting Cl in this scenario leads to very wider bandgap value of 3.11 eV which
restricts its use as the single light absorber [22]. The comparison of charge transport bandgap (Eg)
with optical band gap (Eopt) with exciton binding energy. Table 2 shows the comparison of charge
transport bandgap (Eg) with optical band gap (Eopt) with exciton binding energy. In that it can be
clearly seen that only MAPDI3 has the optimum bandgap closer to Shockley-Queisser limit.

1.4.2.2 Metal Substitution

In desire to construct the lead free perovskite solar cells, Sn a group 14 element with
matching ionic radii was studied in place of Pb. In organic—inorganic layered Sn perovskites good
electrical properties was studied, however optoelectronic was not explored. Interestingly in partial
substitution of Pb which gives the stoichiometry of CH3NH3SnxPbi—Is in which high Sn
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concentration reduced the bandgap. Also addition of Pb retarding the Sn?* to Sn** oxidation state,
which made the high efficiency while reduced carrier concentration. Also for using bismuth as the
replacement for Pb, perovskite with the structure of AsB2Xy should be introduced to suit its
oxidation state. In comparison with Pb and Sn very less reports were made for Ge because of the
highly oxidizing nature in moving up the periodic table. In the AMX3 structure X-M-X plays the
important role deciding the bandgap of the material. The measured bond angle for different metal
cations are as follows 166.27(8)° for Ge, 159.61(5)° for Sn and 155.19(6)° for Pb. Also decrease
in the covalent character of M-I bond was found in going down the selection of metal cations.
AGels < ASnlz < APbls is the trend for increase in the bandgap for different metal cations. By
combining Sn and Pb it is possible to fabricate NIR perovskite solar cells and still now IPCE curve
of 1060 nm was reached [46].

Bismuth based perovskite, methylammonium iodobismuthate with molecular formula
(CH3NHz)3Bizlg, (MBI) has been reported to be environment friendly and relatively more stable
as compared to the lead halide perovskites. Apart from this, MBI possesses very good
semiconducting, electronic, optical and ferroelectric properties along with the rich structural
diversity. In MBI, the 6s? lone pair from Bi** plays a crucial role in controlling all the
physicochemical properties. However so far very negligible efficiency was obtained due to its wide

bandgap.
1.4.2.3 Organic Cation Substitution

In ABX3 perovskite structure monovalent cation is very crucial since it decides the structure,
dimensionality, optoelectronic property and stability of the material. In 3D perovskite structure
only small cations are permitted since it has the cuboctahedral cavity defined by four edge-sharing
MXe octahedra. Goldschmidt tolerance factor (t) allows us to calculate the maximum ionic radii
for the organic cation with stable structure. In cubic perovskite the tolerance factor ranges from
0.78 to 1.05 since it has a slight expansion due to its distorted structure, however the tolerance
factor for exact cubic phase should be 1. Formamidinium is the only most studied organic cation
in the place of methyl ammonium with tolerance factor of 0.99 which slightly higher than
CH3NH3Pblz which is 0.91 [21].
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In AMX3 structure the cation A doesn’t has any contribution in the band structure of the
material it just act as charge compensation part in the crystal lattice. However, in MXs octahedron
network it can affect the optical properties by variation of its size. Depending upon the size of the
cation it could expand or contract the complete crystal lattice and cause the change in B—X bond
length which has proved that highly important in deciding the bandgap of the material. The size of
the cation A may not be larger than 2.6 A since it should fit corner sharing metal octahedral crystal
phase which may increase the tolerance factor in accordance with the size of the cation. Chances
for the formation of lower dimensional or confined perovskite structure is possible if the cation

size is too large.

So far three-dimensional (3D) perovskite structure with Pble network can be formed with
monovalent cations like K*, Rb*, Cs*, methylammonium (MA®), or formanidinium (FA®). The
ionic radius for Cs is minimum when compared to other organic cations and has the absorption at
lower wavelength. From this phenomenon it can be clearly understood that cation A with larger

size expected to expand the crystal lattice and reduce in the bandgap occurs [46].

1.5 Deposition techniques for lead based and lead free

perovskites

1.5.1 Spin-coating technique (One step method)

In spin coating small amount of solution generally less than 1 ml was dropped on the desired
substrate and then rotated in higher rpm for spreading the solution through the principle of
centrifugal force. It is very simple and better method for solution crystal growth to form highly
oriented layered perovskite structures by the evaporation of solvent. Spin coating also gives the
flexibility to use different kinds of substrates like quartz, sapphire, silicon, plastic or glass. The
parameters that controls the crystal growth mainly is the substrate temperature, type of solvent,
and Rotation speed. For getting desired thickness in this one step methodology concentration of
the precursor solution can be modified while keeping the rest all parameters fixed. Homogenous

perovskite films even with less thickness of 10 to 100 nm can be can be easily achieved.

1.5.2 Two-step dip-coating

17



For two step methodology only metal halide films will be coated through spin coating or
vacuum evaporation technique. After that by dipping in to the solution which contains organic
cation the film will be converted to perovskite. Selecting the perfect solvent for making organic
cation solution is very crucial since the organic cation should be soluble but final organic-inorganic
perovskite should not soluble. Toluene/2-propanol are the solvents generally used for making
perovskites in two step method. Depending on the system the dipping time varies from several

seconds to few minutes.

1.5.3 Thermal evaporation technique

In 1997 M. Era et al used thermal evaporation at first for growing perovskites. Dual-source
vapor deposition was performed by using lead iodide Pblz and organic ammonium iodide RNHzl.
On fused quartz substrates organic and inorganic source were co-evaporated and deposited. In the
evaporation chamber pressure of 10 Torr was maintained. Vacuum deposited films were related
to the spectra of single crystals while the spin coated films corresponds to the layered perovskites.
The main advantage of this method is perovskites of smooth surface with controlled thickness can
be precisely grown. It is often difficult to grow the perovskites with perfect stoichiometry. Due to
the high possibility for each organic component may easily contaminate the system which limits
the growth of different kinds of perovskites [20].

1.6 Problems in lead based perovskites and need of lead free
light absorbers

1.6.1 Lead based perovskites

Structural diversity and tenability of optical band gap of perovskites have led to the
attention of material scientists towards their huge application potentials [23]. Recent past had
witnessed that lead based perovskites are very attractive in the field of photovoltaics [24]
optoelectronics [25] and photolysis of water [26]. Application potential of perovskites in solar cell
research geared huge attentions from year 2009 and within very short time frame it has attained
the photo conversion efficiency up to 22.1% [27]. However, more attention is needed for realizing
highly reproducible efficient perovskite solar cells. External power conversion efficiency of the
such solar cells depends on optimization of various parameters like nature of perovskite materials

[28], thickness of active layer [29], choice of hole transport materials [30] and so on. A highly
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efficient perovskite solar cells basically requires controlled crystal growth with large crystal size
with enhanced surface coverage. [31] Hysteresis in perovskite based solar cells is well known and
utilization of bigger perovskite crystals had led to the achievement of minimum hysteresis index
[32].

Optimized quantity and nature of chloride precursor for the attainment of large sized
perovskite crystals with minimal disorder is still not clear. The impact of alkyl chain length of
different alkyl ammonium chloride precursors on the crystal growth of CH3sNH3Pbls is very crucial
and also possibility to modify the surface smoothness with less defects makes this topic curious

but there is no related studies in the literature.

1.6.2 Lead free perovskites

Recent past has witnessed the emergence of lead halide perovskites MAPbXs (MA =
CHsNHs, X =1, Cl, Br) as potential candidate for the next generation solar cells opening the new
possibility of low cost production while maintaining the high photo conversion (22.1%) [27]. This
remarkable enhancement in the photo conversion efficiency could be credited to the fast pace
development of efficient hole and electron transporting materials [33-34]. In spite of sky-rocketing
success in the lead halide perovskites in such a short-time, currently Pb in this perovskite structure
has become the matter of concern owing to its toxicity along with the high susceptibility to
moisture. Therefore, it is indispensable to replace the Pb with other metal cations without altering
the photovoltaic performance of the material. Owing to diminished toxicity of Sn and Bi along
with the matching ionic radius to form perovskite structure they are strong contender to replace
the Pb. Recent investigations in this regards towards the replacement of Pb by Sn have raised the
serious issue on the environmental stability [35] and reduced photovoltaic performance [36]. These
issues have led to the search for other alternate materials and Bi metal has gained a good deal of

attention from the material science community.

Park et al. [37] have reported Bi based organic-inorganic hybrid perovskites having
chemical structure AsBi2lg (A= CH3NH3 or Cs) by replacing Pb with Bi and used as active
component for the perovskite solar cells. Unfortunately, large number of defect states and large
optical bandgap (about 2.1~2.4 eV) of this material resulted in to very poor photo conversion

efficiency. Lyu et al.[47] have also investigated MBI based solar cells and its fundamental
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properties, but due to background carrier concentration, low carrier mobility and wide bandgap
resulted in to very poor efficiency (0.2 %). Oz et al. [38] have also employed zero-dimensional
MBI for photovoltaic application but ended up with negligible efficiency of 0.1 % due to the wide
bandgap (2.9 eV). A perusal of these reports clearly corroborates that bandgap tuning of MBI is
mandatory in order to realize the improved photovoltaic performance. Therefore, development of
Bi based perovskite by replacing Pb with Bi without disturbing the basic properties of lead halide
perovskites is highly desired.

1.7 Challenges and ideas to overcome

Even though addition of chloride has the huge impact on the crystal growth and surface
morphology in lead halide perovskites. Addition of chloride from different precursors like PbCl;
[39], and Methyl ammonium chloride [40] has the variation in impact on the lead halide
perovskites. Different kind of chloride precursors resulted in different morphology and device
performances from the literature. So, our plan to overcome this challenge is to use different
chloride precursors to optimize the suitable precursor and also to compare the effect alkyl chain
length over this process. After optimizing the suitable chloride precursor in one step method

implying them in two step method may give more controlled crystal growth with smooth surface.

In the case of lead free (bismuth based perovskites) for reducing the optical bandgap many
efforts have been made like organic cation CHsNH3* was replaced by NH4*, however the measured
bandgap was 2.04 eV [41]. Double perovskite structure Cs,AgBiBrs was studied by slavney et al
[42] but still the measured bandgap was 1.95 eV. A perovskite with structure MABISI> [43] using
split anion approach was theoretically studied but practically not yet proved. So, in this case our
plan is to exploit the voids in between metal halide (Bi2lg)*octahedra layers as the interstitial sites
for the doping agent. We chose sulfur as the doping agent with ionic radii of 0.37 A which is
almost six times lesser than the ionic radii of iodine is 2.2 A because in this scenario sulfur cannot

replace iodine however it has the possibility to accommodate itself in the interstitial sites.
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Chapter 2. INSTRUMENTATION &
CHARACTERIZATION

2.1 X-ray diffraction (XRD) analysis
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Figure 1. Bragg diffraction

X-ray powder diffraction (XRD) is the best analytical technique used widely for the
structural characterization and can provide information on the dimensions of unit cell of the
materials. In identifying the structure or phase of the material peaks position and intensity plays
the crucial role. For example in the case of graphite XRD pattern will be different when compared
to that of diamond even though they made up of carbon atoms. So, in terms of physicochemical
properties of the materials this phase variation plays the vital role. In the crystalline materials like
minerals, regular and repeating planes of atoms forms the three dimensional crystal lattice. So,

when X-rays that are generated by the X-ray tube focused on these crystalline materials (planes of
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atoms) some part of the beam is transmitted, some part is absorbed by the material, few parts

refracted while some parts will be diffracted.

Figure 1 shows the Bragg diffraction occur when two identical wavelength and phase
approach the crystalline materials that is scattered by two different atoms. X-ray diffraction pattern
strongly depends on the types of atoms that makes the crystal lattice and on the arrangement of
this atoms. From the diffracted X-ray beam inter planar distance between the atoms can be

calculated using the Bragg's Law which is given in equation 1.
nA =2d sinf 2> (1)

Where n is the order of the diffracted beam, A is the wavelength of the X-ray, d is the distance
between the planes generally called d-spacings. These d-spacings are like fingerprints of the
materials, it’s unique and different for every materials. When the obtained d-spacing values are
compared with standard data as reference like International Centre for diffraction data (ICDD) or

JCPDS the fingerprint allows us to identify the particular material [1].

In XRD the X-rays are produced within a sealed tube which is under vacuum. Total number
of electrons that are generated from the tube depend on the total current supplied to the filament
with the voltage of 15-60 KV. This high voltage accelerates the electrons which hits the target
generally copper. When the electron travels in high velocity hits the target and X-rays are produced.
So, wavelength of the X-rays are depend on the type of target material we use that will be guided
to hit the samples. The diffracted X-ray signal is collected through the detector which will be
converted to a count rate electronically. X-ray scan generally represents the change in angle
maintained between the X-ray source, the sample, and the detector at a controlled rate. Amorphous
materials also can be easily recognized by the absence of peaks. Similarly for studying the bulk
materials and thin films too. XRD has the wide application in diverse fields like material science,
chemistry, environmental science, geology, forensic science, and the pharmaceutical industry.
Various parameters like crystallite size, lattice parameters, lattice stress and strain, and phase
transition can be studied through XRD [2].

2.2 X-ray photoelectron spectroscopy (XPS)
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X-ray photoelectron spectroscopy (XPS) is a technique used to analyze a sample to the depth of 2
to 5 nm which comes under the tools for surface characterization. XPS was developed by Kai
Siegbahn in 1960s. XPS technique is used to identify the elements present in the surface and also
to find the nature of bonding between the existing elements. The drawback of XPS is it cannot

detect hydrogen and helium but except these it can detect all other elements.

Ultrahigh vacuum (UHV) around 107 millibar is required for the operation of XPS. In a

UHV chamber one-trillionth that of air per unit of volume exist when the atmospheric pressure is
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Figure 2. Working principle of XPS

around 1 bar, such a high vacuum is required because any impurities like O or H2O present can
make error in the measurement. This UHV in the chamber protects the sample from degradation
and give the precise surface investigation using XPS. When the sample is irradiated with the X-
ray with sufficient energy specific electron in the bound states is excited. Enough energy is
provided by the X-rays to exit the photoelectrons which attracted by the nuclear force of an element.
The key features of XPS is even the electrons ejected from specific core levels have the little shift
based on the valence configuration of the material. Another key feature is the transition of electrons
at core level occurs at specific energy which is the particular binding energy. From this the

particular element can be easily identified [3].
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Figure 2 shows the typical construction and working principle of the XPS instrument. In
XPS the few photo ejected electrons randomly scatters from the sample surface, while other
electrons without any energy loss escapes from the surface of the sample to vacuum. Once it
reached the vacuum the electron will be collected and the corresponding kinetic energy is measured
by electron analyzer. An electron analyzer then plots the relative energy spectrum (total amount
of electrons versus time) versus the binding energy (energy of the electrons in the atom). In
addition to identifying the elements, intensity of the peaks can say the total amount of the particular
element present in the sample. Also by measuring the total area of the particular peak (contribution

of each peak area) can give the total number of atoms present in the measured sample [4].

2.3 Ultraviolet-visible (UV-vis) spectroscopy

Generally spectrophotometry is used to determine the concentration of the sample by
observing the absorbance of light by the sample. So, ultraviolet-visible (UV-vis) spectroscopy is
the technique which uses the light in ultraviolet and visible region to analyze the samples. The
energy of the light given in this region cause the electrons in lower energy level to excite to higher
energy state at specific wavelength for particular molecule. When the beam of light is irradiated
to the analyte some part of the photons may be absorbed while remaining can be transmitted
through the sample. The ratio of the light intensity (lo) which is entering the sample to that of light
makes the sample excited (1) at specific wavelength is called transmittance(T). The negative

logarithm of the transmittance is called absorbance (A) of the sample [5].

A =-log (T) 2 (2

The amount of light absorbed by the sample depends on the material absorptivity (¢), the path
length (b), and the concentration of the sample (c). From this in terms of concentration units of

molarity, Beer-Lambert law can be explained as
A=g*b*c -2 (3)

Where ¢ is the wavelength-dependent molar absorptivity coefficient with units of M cm™. As we

¢ and b are constant, which clearly states that absorption of light is directly proportional to the
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concentration of the analyte. The main prerequisite for Beer Lambert law are i) Homogenous
absorbing medium in the interaction volume. ii) No scattering in the radiation should be there in

the absorbing medium iii) Monochromatic light must be the incident radiation on the sample [6].

Detector
+
Source ) Monochromator e Sample  p—) Measuring
systems
+

Readout

Figure 3. Construction of Ultraviolet-visible (UV-vis) spectroscopy

Figure 3 show the basic construction of Ultraviolet-visible (UV-vis) spectroscopy. First
block is the light source section, here usually for the visible region tungsten lamp and deuterium
or hydrogen lamp for ultraviolet wavelengths is used. For producing the beam of monochromatic
light which can be selected from wide wavelength monochromator is used. In sample section
cuvettes are used to carry the analyte that are placed in the light path. Glass and plastics has the
strong absorption below 310 nm so it cannot be used for materials has the absorption at that region.
Similarly silicon can be used for the materials has its absorption in ultraviolet region since they
transparent for the wavelength above 180 nm. As the detector silicon diode, photomultiplier, or

the diode array are generally used [7].

2.4 Photoacoustic spectroscopy (PAS)

Alexander Graham Bell discovered the photoacoustic effect and based on this effect
photoacoustic spectroscopy measurement was introduced. In photoacoustic spectroscopy when
light is irradiated on the sample it emits acoustic waves which is similar to the light pulse frequency.
Highly-sensitive microphones and other advances in electronics made possible to design this
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instrument for characterization especially gas samples. By the improvement in FTIR instruments
recently it is possible to even in the IR region using the photoacoustic spectroscopy for solid

samples.

In a sealed vessel solid sample is placed to which microphone is attached. Heat is generated
on the sample due to the absorption modulated IR light that is irradiated. High sensitivity
microphone which is place near the sample detects the change in pressure of surrounding gaseous
layer caused by the heat produced on the sample. Acoustic interference waves from the
microphone are converted signal similar to the absorption spectrum using Fourier transformation.
The theoretical explanation for photoacoustic spectroscopy has variation depends on the state of
the sample and instrument construction. However, RG theory which is based on thermal diffusion

can explain the theory for solid samples [8].

RG theory was developed based on the photoacoustic signal, sample thickness I, light
absorption length 1/8 where 3 is the absorbance coefficient, and thermal diffusion length
1/as where as is the thermal diffusion coefficient. When the sample is optically opaque and
thermally thick photoacoustic signal highly depends on the thermal diffusion length and sample
absorption. The major advantages of photoacoustic spectroscopy when compared to other
absorption spectroscopy are i) With short path length highly sensitive in gas analysis ii) High
absorption coefficients can be measured even for opaque samples with high concentration iii) Solid
samples like powder, thin films, and bulk solids can be measured. iv) Light scattering in

photoacoustic spectroscopy cause less effect over the other absorption measurement [9].

2.5 Fourier transform IR spectroscopy (FTIR)

In IR spectroscopy low concentration measurements in ambient atmosphere has several
limitations like presence of humidity, carbon dioxide and methane cause the error in the
measurements. Also sensitivity is very low in small concentrations below ppm level. Also
subtracting background noise is very difficult in IR spectroscopy. So, FTIR (Fourier transform IR
spectroscopy) was developed with high analytical capabilities to trace the impurities in ambient
atmosphere. It have several merits over IR spectroscopy like high sensitivity in less amount of

analyte with speed and improved data processing.
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The basic components of FTIR is shown in the figure 4. Broad band of different wavelength
in IR region is emitted by the IR source. Temet GASMET FTIR CR-series is a SiC ceramic at a

temperature of 1550 K is used as the IR source. The IR radiation is modulated by the interferometer

Figure 5. Fourier transform Infrared spectrometer used in this present work.
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and it also performs the Fourier transform on the entering IR radiation. When those modulated IR
beam enters the sample it is absorbed at various wavelengths by the corresponding molecule
present in the sample. Liquid-nitrogen cooled MCT (Mercury-Cadmium-Telluride) is used as the
detector to measure the intensity of the incoming IR beam. The electronic setup is used to convert
the detected signal numerically for the given sample. Interferometer is very crucial part in FTIR
spectrometer. Before entering the beam splitter the IR radiation is collected and collimated [10].

Figure 5 shows the Fourier transform Infrared (FTIR) spectrometer used in this present work.

Depending on the characteristic bonds present in the sample specific frequency is absorbed.
After the incidence of IR light the molecule starts to vibrate and resonance based on the bonds or
functional groups present in the sample due to the absorption of specific frequency of light. Thus
the characteristic of the particular function group and nature of the bonds can be easily studied
through specific absorbed vibration frequency [11]. FTIR was used in the present study to find the
organic impurities in the sample related to xanthate groups since we used metal xanthate as one of
the precursor.

2.6 Thermogravimetric analysis (TGA)

In a controlled atmosphere with controlled temperature program the mass of a substance is
monitored as a function of temperature or time is known as thermogravimetric analysis (TGA).
While heating the sample weight of the corresponding material either increases or decreases [12].
Sample pan is placed over the precision balance in TGA setup. After that sample inside the furnace
is allowed to heat or cool during the experiment. Inert or a reactive gas is purged inside the chamber
for controlling sample environment. TGA graph is plotted between the percentage of weight loss
with respect to temperature or time. Final product after decomposition is known from the total
weight loss percentage. The decomposition temperature is determined from the temperature at
which decrease in percentage mass curve is observed. For metal xanthates corresponding
decomposition temperature was studied through TGA in present work and also the decomposition
temperature was verified by other techniques too. Mainly we used this technique for finding the
post annealing temperature for our samples with metal xanthates [13]. Figure 6 shows the

thermogravimetric analysis apparatus used in the present thesis.
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Figure 6. Thermogravimetric analysis apparatus used in this present thesis.

2.7 Field Emission Scanning Electron Microscopy
(FESEM)

The field emission scanning electron microscope (FE-SEM) uses the high-energy beam
electrons to image the sample surface by raster scanning. The atoms in the sample interacts with
the electron beam which produces the signal that contains the information about the topography,
composition, and other properties. Thermionic emitter and field emitter are the two types of
emission source used. Usage of this specific emitter makes the difference between Scanning
Electron Microscope (SEM) and the Field Emission Scanning Electron Microscope (FE-SEM)
[14]. Lanthanum hexaboride and tungsten are the materials used make the filament which is heated
by the thermionic emitters. Thermal drift during operation, evaporation of cathode material, and
low brightness are the drawbacks in thermionic sources which can be overcome by the field
emission type. In field emission instead of heating the filament high electrical potential gradient is
produced. Secondary electron detection is also possible due to the development of field emission
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source. The apparatus functions at high vacuum around 10 Pa and the voltage range between the
cathode and anode is in the order of 0.5 to 30 kV [15].

RN

Figure 7. FE-SEM used in the present work

FE-SEM has various applications like i) In thin films thickness measurements ii) Cross
section view to find the thickness of different interface (In the case of more than one layer) iii) To
determine surface morphology and iv) To study grain and grain boundary. In our case FE-SEM
was employed to study the surface morphology of lead based and lead free perovskites especially
to check the surface coverage over the mesoporous TiO2. Presence of pin holes and homogenous
surface of the samples also studied for the perovskites. Figure 7 shows the FE-SEM used in the

present work.

2.8 scanning probe microscopy (SPM)

The main advantage of SPM over FE-SEM and TEM is the sample will not be damaged
due to slicing or thin cutting. Another advantage is three dimensional image can be obtained from
the SPM also no vacuum is required. Scanning Tunneling Microscopes (STMs) and Atomic Force
Microscopes (AFMs) are the two main types of SPM. In the case of STM fine metal tip around 1-

10 nm is made to scan the surface. Only conducting samples can be measured using STM. Because
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the metal tip is connected to voltage supply and when it is brought near to the sample current flows
which is called as tunnel current. So, nonconducting samples cannot be measured using this

samples [16].

In the case of AFM thin beam of laser beam is used as the sensor at the fine tip and so
called cantilever. The beam of laser is focused on to the upper part of the cantilever while the
reflected beam is collected by the detector. By the bending of cantilever over the surface gives the
information regarding the surface roughness, and morphology. But the cantilever is few microns
length and very less in thickness than length. So, force on the cantilever should be handled with
huge care. Unlike STM, AFM can also be used on characterizing insulating material. Two kinds
of mode is present in the AFM 1) Contact mode or DC mode and ii) Tapping mode or AC mode.
In contact mode the cantilever is made to move up and down on the surface of the sample and
mechanical movement was the detected using the detector. In the present work AFM was used in
the contact mode to study the roughness and homogeneity of the perovskite film. Rough surface
is not good for the solar cell fabrication since it results in non-uniform interfaces with hole
transporting material [16] [17]. Figure 8 shows the SPM used in the present work.

Figure 8. SPM used in the present work
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Chapter 3. Effects of different chloride precursors on

crystal growth of lead halide perovskites

3.1 Introduction

Perovskite materials have the huge application in various fields since their structure is more
comfortable to tune its optical band gap. [1] Especially lead based perovskites attracted the
researchers in the field of photovoltaics, [2] optoelectronics, [3] and also recently in water
photolysis.[4] After the hard research perovskite solar cells have attained the maximum efficiency
up to 22.1%. [5, 6] However, more attention is needed for realizing the highly reproducible
efficient perovskite solar cell. Although the efficiency of the solar cells depends on the various
parameters like perovskite materials, [7] thickness, [8] HTL materials [9-11] and so on, highly
efficient perovskite solar cells basically requires controlled crystal growth and more surface area
coverage. [12] Efforts have been made to enhance and control the crystallization of perovskite by
different ways such as changing the solution composition, [13, 14] by adding additives, [15]
solvent engineering [16] etc. In addition to that incorporation of chloride ions in MAPDI3 also
plays the vital role in the crystallization process. [17, 18] Hysteresis in perovskite based solar cells
is well known and utilization of bigger perovskite crystals had led to the achievement of minimum

hysteresis index [19].

MAPDI3«Clx is the important candidate suitable for planar architecture in solar cells [20]
and also have very good photoluminescence property [21]. Addition of chloride ions highly
enhances the carrier life time [22], diffusion length [20], crystal formation [23] and film
morphology [24] in MAPDIz. Incorporation of chloride ions in MAPDI3 is the very critical issue
even though it doesn’t affect the optical band gap and crystal structure of the perovskite material.
Mixed halide perovskite (MAPbIzxClx) has been prepared by incorporating PbCl2 and has been
used in the field of photovoltaics [25] and to elucidate the role of chloride ions [23]. Zhao et al.
[26] concluded that crystallization of the perovskite crystal improves by the addition of MACI due
to the formation of intermediate structure (MAPbCI3) which disappears after annealing. Williams
et al. [24] emphasized that topo tactic self-assembly driven phase transformation induced by the

presence of chloride ion has the huge impact on the crystallization behavior of the perovskite
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crystals. Unfortunately, in this work morphology and film coverage was different for PbCl, and
MACI additives due to the differences in solution based aggregation which poses the obvious
questions about the choice of the optimum chloride precursor. Zuo et al. [27] achieved fill factor
(FF) of 80.11% using NH4Cl as the precursor for chloride ion. Although the actual role of chloride
ions in controlling the crystal growth of MAPbIs is still not completely clear but it is believed that
chloride ions enhances the crystal growth of MAPDIz without entering in to the crystal lattice[23].
Thus it is important to find out the optimum precursor of chloride ions in order to achieve larger
perovskite crystals with minimum disorder. In the present work, it has been found that
crystallization behavior of the perovskites formed varied with different chloride precursors and
ethyl ammonium chloride (EACI) was one of best choice to give perovskite grains with large size
and minimum crystal disorder. To the best of our knowledge there are no reports about the
comparative study of different chloride precursors in controlling the growth of the MAPDIs
perovskite crystals. One step method to prepare perovskite crystals which is relatively simpler with

controlled crystal growth is highly demanded.
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Figure 1. Grain size comparison for different chloride precursors in lead based perovskites
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The effect of different chloride based precursors with different alkyl chain length was also
studied. We replaced the different anions instead of CI ion in the optimized chloride precursor
ethyl ammonium chloride EACI to study their impact on the perovskite crystals. We focused on
growing the bigger defect free perovskite crystals using different chloride precursors. We
quantitatively measured the crystal size of perovskite crystallites using XRD by Scherrer formula
with the FWHM of the peak. The abbreviated forms for different additives we used are as follows
CHsNH3Cl  (MACI), CHsCHoNHs3Cl  (EACI), CHsCH.CHoNH3Cl  (PACI), and
CH3CH2CH.CH2NH3CI (BACI). We achieved maximum crystal size of 158 nm with EACI as
additive as shown in the figure 1. Other important parameters such as micro strain in the crystal
lattice, and dislocation density was also calculated for the perovskite films. Formation of bigger
crystals and high surface area coverage of perovskites are also studied by field emission scanning
electron microscopy (FE-SEM). Optical bandgap of the materials was found using photoacoustic

spectra. Defects in the perovskite crystals was studied using the calculated Urbach energy.

After the optimization of EACI the best additive we employed EACI in the two step
methodology with different solvents like DMF and DMSO. The motive of the work was to grow
not only the bigger crystals but also with the smooth surface. We characterized the obtained film
using XRD, FE-SEM, and surface roughness using AFM. We obtained the grain size of 114 nm
with minimum RMS (roughness) value of 72 nm for 100 wt% of EACI as additive with DMSO as
the solvent in two step method.

3.2 Experimental

3.2.1 Perovskite film formation (One step method)

One step methodology was chosen for the preparation of all the samples. Slide glasses was
used for the preparation of all the samples and sonication was done with deionized water, acetone,
and isopropanol for 15 minutes each. Finally UV-ozone (Filgen, Ozone killer, UV-253) treatment
were given for 20 min. The mesoporous TiO> layer was formed on the glass substrate by diluting
dyesol paste PST-30NRD with ethanol in the ratio of 1:5. Mesoporous TiO> layer was coated by
spin coating at 5000 rpm for 30 s. After that the sample was annealed at 500°C for 30 min. Methyl
ammonium iodide and lead iodide was synthesized as demonstrated elsewhere [29]. 1 M of
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CHsNHsl (MAI) and Pblz was dissolved in 1 ml of dimethylformamide (DMF) with different
amount of CH3CH2NH3CI (EACI) to form the perovskite precursor solution. After that solution
was sonicated until the precursors was dissolved completely to get the clear solution. The samples
without any additives were named as EC0. We added 4 wt%, 8 wt%, and 12 wt% of EACI as the
additive which will be called as EC1, EC2, and EC3 respectively. In similar manner other chloride
precursors were also added with 1 M of MAI and 1 M of Pbl, in DMF to form other perovskite
films with selected additives. They are abbreviated as follows CHsNH3Cl (MACI): MC3,
CH3CH2CH2NH3Cl (PACI): PC3, and CH3CH2CH2CH2NHsCI (BACI): BC3. All the chemicals
were bought from sigma-Aldrich and used without further purification. Perovskite layer were
formed on to the mesoporous TiO: layer by spin coating at 2500 rpm for 30 s and post heated at
110°C for 45 min in an open atmosphere. 12 wt% of CHsCH2NH3zBr (EABr) and CH3CH2NHzl
(EAI) were also added as the additive for comparative study of different halogen elements
CH3CH2NH3X. The samples with EABr and EAI as additive was labelled as EB3 and EI3

respectively.
3.2.1.1 Two-step method with DMF and DMSO

In the preparation of perovskite samples in two-step method with EACI as additive same
procedure was followed for cleaning the samples. Similarly same process was continued for
forming the mesoporous TiO- layer. Then 1 M of Pbl> was taken in DMF or DMSO and the solution
was stirred well at 70°C until getting the clear solution. Then solution was spin coated above the
mesoporous TiO> at 5000 rpm for 10 seconds and post annealed at 75°C for 15 minutes. MAI was
taken at weight percentage of 10 mg/ml of isopropanol (IPA) and totally the solution of 40 ml was
made. After post annealing of Pbl> films, they are dipped in the prepared MAI solution for around
2 minutes and clear color change in the film from yellow to black was observed. Finally the
obtained films were post annealed at 75°C for 45 minutes after dipping in the MAI solution. In
case preparing the films with additive, EACI of different weight percentage like 0%, 20%, 50%,
and 100% were added in the IPA solution along with MAI. For the samples we used DMF as the
solvent for making Pbl> was named as DFO, DF1, DF2, and DF3. While for the Pbl> made with
DMSO was named as DOO, DO1, DO2 and DO3 respectively.

3.2.2 Crystallographic studies
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XRD patterns for sulfur doped MBI were studied using X-ray diffractometer RINT-Ultima
I11, Rigaku, Japan employing Cu Kal radiation (k = 1.5406 A). Diffracted rays were registered for
every 0.02° of Bragg angle from 10° to 60°. Before the measurement of sample standard silicon

samples was measured for calibrating and X-ray intensity for TiO2/glass was also checked.

3.2.3 Surface morphology studies

Surface morphology of the samples was studied through FE-SEM (Hitachi, S-5200). The
samples were cut down to the dimension of 4 mm x 2 mm and platinum was coated above the
surface to increase the conductivity. Surface roughness was measured using AFM model JSPM
5200.

3.2.4 Optical absorption studies

Gas-microphone photoacoustic (PA) technique was used for studying the optical
absorption properties. At room temperature in the wavelength range of 500-1200 nm with a
modulation frequency of 33 Hz. First the microphone output was passed through a preamplifier
and a lock-in amplifier before the measurement of PA signal. Carbon black sheet’s spectrum were

used for normalizing the obtained PA spectra.

3.3 Results & Discussion

3.3.1 Ethyl ammonium chloride (EACI) as additive

Figure 2 shows the XRD patterns for different perovskite samples EC0O, EC1, EC2 and EC3
with EACI as additive in different ratios. Our XRD reports were in good agreement with the
literature.[18] The obtained perovskite crystals are polycrystalline in nature with tetragonal phase
[17] and have preferred orientation along (110) and (220) plane. No additional peaks were found
other than the related peaks to MAPbIs. Also no corresponding peaks were found for MAPDBCI3 or
PbCl> which was similar to the literature for other chloride precursor’s.[26-28] The grain size of
the perovskite crystals was calculated using the standard Scherrer formula.[29] In order to make
the grain size precise instrumental parameters for all the samples were kept fixed. Addition of
EACI made a drastic increase in the grain size of the perovskite crystals. The grain size of the
perovskite crystals was increased in proportion to the wt% of EACI as given in Table 1, while the

samples with no additives have the grain size of 93 nm which was increased maximum of 158 nm
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for EC3 sample with 12 wt% of EACI. Ostwald ripening phenomenon could be chargeable for the

increase in crystal size due to the incorporation of Cl ion. [23]
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Figure 2. XRD Patterns for the perovskite film with no additive and EACI as additive in
different wt % (a) sample ECO (b) sample ECL1 (c) sample EC2 (d) sample EC3

Crystallinity of the samples was also enhanced highly by the addition of EACI as we can see from
Figure 2 the orientation along (020), (220), (222) and (332) planes was relatively decreasing as the

EACI concentration increases. In that sample EC3 has almost preferred orientation only along
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(110) and (220) plane. Increase in the intensity towards the preferred orientation was also noted

corresponding to the wt% of EACI which clearly shows that the addition of EACI highly enhances

the quality of perovskite crystals.

Table 1. Calculated XRD parameters of the samples with different amount of EACI

Sample name Amount of Grain Size Dislocation | Lattice strain(£)
EACI in wt%o (nm) density(d) x104
x 1013 (Line’m™)
(Line/m?)
ECO 0 93 11.5 9.81
EC1 4 132 5.74 6.87
EC2 8 144 4.82 6.31
EC3 12 158 3.98 5.75

In our case we found the size and crystallization of the perovskite crystals varied with
different chloride precursors and we finally found that EACI is the better chloride precursor for
the perovskite crystal growth. Finally we found that dissociation of CI™ ions from the particular

precursor plays the fundamental role in deciding or controlling the crystallization of perovskite.

Lowest lattice strain obtained for the sample with 12 wt% of EACI may be due to the
enhanced crystallization(less vacancy sites) of perovskite crystals. Dislocation density is also very
minimum for the sample EC3 which qualitatively reveals that crystallographic defects are reduced
due to the addition of EACI. Finally we also increased the amount of EACI up to 20 wt% but there
was no considerable change in the XRD pattern and FWHM.

To confirm the formation of bigger crystals field emission scanning electron microscopy
(FE-SEM) was used. Figure 3 shows both higher and lower resolution image for the samples ECO
and EC3. Both higher and lower magnification images(c, d, ) of sample EC3 shows the more
surface area coverage of perovskite on the porous TiO2 layer when compared to the images (a, b,
c) of sample ECO in which the bare TiO2 can be seen in between the perovskite crystals. The
increase in the density of perovskite crystals may due to the larger grain size and better crystallinity
enhanced by the chloride ions in EACI. The higher magnification image (f) of sample EC3 clearly
shows the formation of larger crystals when compared to sample ECO which matches with our

XRD data. Crystal agglomeration is clearly seen in the sample EC3, which may be the reason for
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the increase in the density of perovskite crystals and for the larger grain size obtained from the
XRD results.

Figure 3. FE-SEM images of MAPbI3 with and without additives. (a-c) Sample ECO without
any additives. (d-f) Sample EC3 with 12 wt% of EACI.

3.3.2 Relationship between alkyl chain length and grain size

In order to know the perfect chloride precursor for ameliorating the perovskite crystal we
tried with different chloride precursors like MACI, EACI, PACI, and BACI at different ratios.
Figure 4 shows the obtained XRD patterns for the samples MC3, EC3, PC3, and BC3. But we
found the maximum grain size and better crystallinity only for the samples which has the additives
at the quantity of 12 wt%. We found that the grain size of the perovskite crystals are highly affected
by the length of alkyl chain in chloride precursors as shown in Table 2. It could be attributed to
the variation in the dissociation of CI™ ions from the different chloride precursors as discussed

earlier.

Dissociation of the chloride ions, therefore, plays the vital role in controlling the parameters
during growth of the perovskite crystals. Although addition of MACI increased the crystal size up
to 78 nm, crystallinity was poor as can be seen due to the appearance of the additional peaks other
than (110) and (220) [26]. Interestingly, in the case of EACI as additive, it not only increases the

grain size but also led to the enhanced crystal quality. Eventually the addition of chloride
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precursors with longer alkyl chains rapidly decreased the grain size of the perovskite crystals to

the extreme of 53 nm for 12 wt% of BACI. This decrease in the grain size may be due to the

variation in the decomposition rate of the additives. The grain size of different precursors was

increasing in the order of EACI > MACI > PACI > BACI. Although exact mechanism is not yet

completely clear but it could be attributed to the variable decomposition and loss of the byproducts

of additives specially shown by equation 2b which has also been proposed by Williams et al. [24]

for the loss of chloride.

CI + R-NHs" <> R-CI (s)
R-Cl (s) <> R-CI (g)
R-Cl (s) <> HCI + R-NH;
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Figure 4. XRD Patterns for the perovskite film with different alkyl chain length chloride

precursors (a) sample MC3 (b) sample EC3 (c) sample PC3 (d) sample BC3
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In the above equations (1-2b) R represents CHs, CH3CHz, CH3CH.CH2, and
CH3CH2CH.CHo. It can be clearly seen that final alkylamine byproduct dictates the loss of chloride
ion during the formation of active perovskite layer. Boiling points of corresponding alkylamines
also varies in the order of CH3-NH: (-6°C) < CH3-CH2-NH2 (17°C) <CH3-CH2-CH2-NH: (48°C)
<CH3-CH2-CH,-CH>-NH> (78°C). Due to very low boiling point of methylamine in the case MACI,
there is uncontrolled release of amine and HCI byproducts during post heating which is relatively
controlled for EACI. Since the boiling point of propyl and butyl amines are higher than ethylamine,
their removal might be hindered especially the species trapped in the interstitial spaces and could

be responsible for lower grain size.

Table 2. Calculated XRD parameters of the samples with different alkyl chain length
chloride precursors

Sample Different Grain Size | Dislocation Lattice
name chloride (nm) density(0) strain(€)
precursors at x 108 x104
12 wt% (Line/m?) | (Line?m™)

MC3 MACI 122 6.73 7.51
EC3 EACI 158 3.98 5.75
PC3 PACI 113 7.81 7.9
BC3 BACI 105 9.2 8.67

3.3.3 Effect of different anion in the additive CH3;CH>NH3X

XRD patterns with different anions in CH3CH2NH3X was given in Figure 5. The grain size
of perovskite was decreased when CI™ ions are replaced with different anions like Br~ and I as
showed in the Table 3. Also the crystallinity of the samples was very poor. After comparing the
grain size and crystallinity of the samples we can come to a conclusion that the dissociation of CI
ions really plays vital role in the fixing the grain size and crystallinity of perovskite crystals.
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Table 3. Calculated XRD parameters of the samples with different halogen element in

CH3CH2NH3X
Sample name | CH3CH2NHsX with Grain size Dislocation Lattice strain(€)
different X at 12 (nm) density(d) x104
wt% x 1013 (Line?m™)
(Line/m?)
EB3 Br 113 7.81 8.05
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Figure 5. XRD Patterns for the perovskite film with different halogen element in
CHsCH2NHsX (a) sample EC3 (b) sample EC3 (X= Cl) (c) sample EB3 (X= Br) (d) sample

EI3 (X=1).
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3.3.4 Photoacoustic studies

Using Photoacoustic spectral measurements, the intensities of the PA (Photoacoustic)

signals are plotted semi logarithmically which varied linearly below the absorption edges for

different ratios of EACI in accordance with the Urbach rule for the optical absorption coefficient

as shown in the Figure 6. Optical bandgap of all the prepared samples were found to be 1.54 eV

and no shift in bandgap was observed by the addition of EACI. An empirical relationship for the

dependence of PA signal intensity P on measuring temperature (T) and photon energy (hv) was

fitted by equation 3.
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Figure 6. Optical absorption spectrum of MAPDI3 with and without additives measured
using photoacoustic (PA) technique. (a) Sample ECO (b) sample EC1 (c) sample EC2 (d)
sample EC3
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Where, k is Boltzmann constant, and Po, 6 and vo are fitting parameters [30] while o is the steepness
factor and was determined from the slope of the exponential optical absorption. The relation kT/o,
which is the width of the exponential tail, is called the Urbach energy UE. Because of the nature
of the temperature dependence of the Urbach tail a has the exponential behavior due to the
interaction of electrons and excitons with phonons. The calculated steepness factor for our samples
was increased as the concentration of EACI increases as shown in Table 4. Even though increase
in ¢ represents various phenomena [31] in our case it highlights the surface states on nanocrystals.
It may be on the behalf of decrease in the electronic density states with respect to surface state
density due to increase in the crystal size of the perovskites. Higher uniformity among the
perovskite crystals also may be responsible for the increase in steepness factor. Figure 6 shows the
plot between the steepness factor and different wt% of EACI additives. Urbach energy (UE) [32-
33] is basically the quantitative representation of the slope in that exponential trend below the
optical bandgap. Interestingly in our samples, UE was found to decrease as a function of the EACI
concentration of as shown in the Table 4. Information on the band structure, disorder, defects,
impurities and electron—phonon interactions in semiconductor materials could be studied by
comparing this UE [32-33]. Therefore, decreased UE for the EC3 indicates that the addition of
EACI as additive decreases the crystal disorder in the perovskite crystals leading to reduced
recombination, which highly essential for the perovskite solar cells. Figure 7 shows the plot

between the steepness factor and different wt % of EACI.

Table 4. Calculated Urbach energy and Steepness factor of the samples with different
amount of EACI

Sample name | Amount of EACI Bandgap Urbach Steepness
in wt% Energy Eqg Energy Factor
Eurbach
ECO 0 1.54 eV 28 meV 0.89
EC1 4 1.54 eV 26 meV 0.96
EC2 8 1.54 eV 24.5 meV 1.02
EC3 12 1.54 eV 24 meV 1.04
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Figure 7. Steepness Factor Vs EACI in %

3.3.5 Ethyl ammonium chloride as the additive in two-step
method

3.3.5.1 DMF as solvent

After the finding the suitable chloride precursor as EACI for lead based perovskites, we employed
the EACI additive in two-step methodology for making perovskite layer. EACI of different weight
percentage like 0%, 20%, 50%, and 100% were taken and the samples we used DMF as the solvent
for making Pbl, was named as DFO, DF1, DF2, and DF3. Figure 8 shows the XRD obtained for
the different samples with EACI as additive. No additional peaks or peaks related MAPbCI3 were
found in the XRD pattern. Grain size rapidly increased from 68 nm (0 wt% EACI) to 120 nm (20
wt%) which is almost double. The grain size further increased up to 123 nm for 50 wt% of EACI
and decreased to 121 nm for 100 wt% of EACI. From the AFM measurement surface roughness
was measured using root mean square (RMS) value Rq. The surface of samples were found to be
very rough as shown in figure 9. The roughness for the sample without additive is 235 nm while
with 100 wt% of EACI the roughness was decreased to 155 nm. Even though there is decrease in
the roughness values comparatively, the values obtained was too high and may result in poor
device performance. So, we planned to do the same experiment with DMSO as the solvent.
Because in two-step method the crystallinity of the perovskite samples mainly depends on the
crystal quality and morphology of the Pbl>. We selected DMSO as the alternative since the boiling
point of DMSO (189°C) is lower than that of DMF (153°C) which will be helpful in the slow
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crystallization of Pbl> and high probability for better perovskite surface. Table 5 shows the XRD

parameters and roughness (RMS) values obtained for the samples.
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Figure 8. XRD Patterns for the perovskite film with EACI as additive (a) sample DFO (b)
sample DF1 (c) sample DF2 (d) sample DF3.
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d)100 wt% EACI
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Figure 9. AFM images for the perovskite film with EACI as additive (a) sample DFO (b)
sample DF1 (c) sample DF2 (d) sample DF3.

Table 5. Calculated XRD parameters and roughness (RMS) values of the samples with
EACI as additive in two-step method (DMF)

Amount of EACI | Grain Size (hm) | RMS (Roughness)
in wt% innm
0 68 235
20 120 229
50 123 190
100 121 155

3.3.5.2 DMSO as solvent

The crystallization process of Pbl> with DMSO was found to be very slow as compared to
DMF due the high boiling point as we mentioned earlier. After the Pbl, solution was spin coated

very slow change in color was observed. EACI of different weight percentage like 0%, 20%, 50%,
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and 100% were taken and the samples we used DMSO as the solvent for making Pbl, was named
as DOO, DO1, DO2 and DO3 respectively. The XRD patterns obtained for the above samples are

[a) Glass/Mes-TiO_/Pbl (DMSO)/MAI(IPA)

Intensity [a.u]

Intensity [a.u]

Intensity [a.u]

Intensity [a.u]
T

20 I 4IO 6.0

26 (deg)
Figure 10. XRD Patterns for the perovskite film with EACI as additive (a) sample DOO (b)
sample DOL (c) sample DO2 (d) sample DO3.

shown in the figure 10. Similar to DMF in the case of DMSO also no additional or impure peaks
were found in the XRD. The trend of increase in grain size was similar to that of DMF as shown
in the Table 6. From the FE-SEM cuboid morphology was obtained as shown in the figure 11.
Bigger crystals were apparently found from the FE-SEM images as the concentration of EACI was
increased. However, for the higher concentration of EACI above 50 wt% the crystals started to
agglomerate with smooth and complete surface area coverage. From measured AFM images the
roughness of the samples were reduced rapidly in comparison with DMF as clearly seen from the
figure 12. Minimum roughness of 72 nm was obtained for 100 wt% of EACI while the minimum
roughness obtained with DMF was 155 nm. Detailed comparison of both grain size and roughness
for both the solvents DMF and DMSO was given in figure 13.
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i) No Additive

e Pty 0 Gl W e,

Figure 11. FE-SEM images for the perovskite film with EACI as additive (i) sample DOQO (ii)

sample DOL (iii) sample DO2 (iv) sample DO3.
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iv) 100 wt% EACI

2.00 x 2.00 x 1.35 um

iii) 50 wt% EACI

Figure 12. AFM images for the perovskite film with EACI as additive (i) sample DOO (ii)
sample DOL (iii) sample DO2 (iv) sample DO3.
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Table 6. Calculated XRD parameters and roughness (RMS) values of the samples with
EACI as additive in two-step method (DMSO)

Grain size (nm)

. RMS
Amount of Grain Size )
. (Roughness) in
EACI in wt% (nm)
nm
0 65 165
20 118 199
50 133 178
100 114 72
160 250
140
200
120
100 E 150
()
80 =
g
60 —e—DMF as solvent g 100 | —4—DMF as solvent

40

20 —4—DMSO as solvent

0 50 100 150
EACI in wt%

50
——DMSO as solvent

0 50 100 150

EACI in wt%

Figure 13. Detailed comparison of both grain size and roughness for both the solvents DMF
and DMSO
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3.4 Conclusions

Finally the crystallization process of the perovskite film by adding different types of
chloride additives was investigated. The perfect chloride precursor and its quantity was
successfully found. XRD results shows that the bigger crystals were formed by the addition of
EACI at 12 wt% when compared to other chloride based additives. Other crystalline parameters
such as dislocation density, and lattice strain were also studied. We also compared the effect of
alkyl chain length in different chloride precursors in the crystallization process. From our studies
huge impact in dissociation of CI" ions towards the crystallization of perovskite crystals was
confirmed. FE-SEM images apparently shows the better crystallinity and surface coverage of our
samples. Photoacoustic studies ensures the addition of EACI has enhanced the crystallinity, and
also reduced the crystal defects in the perovskite layer without any modification in the optical
bandgap. All these findings says that for one step preparation method EACI at 12 wt% is the
suitable chloride precursor in order to control the growth of perovskite crystals with lower defects.
We also optimized the EACI precursor in two step methodology with different solvents like DMF
and DMSO. In case of both the solvents grain size was increasing, but rough surface was obtained
for DMF. However, for DMSO we obtained the smooth surface with bigger crystal size due to its

high boiling point.
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Chapter 4. Sulfur doped low band gap bismuth based

perovskites for solar cells application

4.1 Introduction

Low cost, air-stable and ecofriendly functional materials are highly required for the large
scale production of next generation solar cells. Recent past has witnessed the emergence of lead
halide perovskites MAPbX3 (MA = CH3NH3, X = I, Cl, Br) as potential candidate for the next
generation solar cells opening the new possibility of low cost production while maintaining the
high photo conversion (22.1%).[1] This remarkable enhancement in the photo conversion
efficiency could be credited to the fast pace development of efficient hole and electron transporting
materials .[2-3] In spite of sky-rocketing success in the lead halide perovskites in such a short-
time, currently Pb in this perovskite structure has become the matter of concern owing to its
toxicity along with the high susceptibility to moisture. Therefore, it is indispensable to replace the
Pb with other metal cations without altering the photovoltaic performance of the material. Owing
to diminished toxicity of Sn and Bi along with the matching ionic radius to form perovskite
structure they are strong contender to replace the Pb. Recent investigations in this regards towards
the replacement of Pb by Sn have raised the serious issue on the environmental stability [4] and
reduced photovoltaic performance.[5] These issues have led to the search for other alternate
materials and Bi metal has gained a good deal of attention from the material science community.
Bismuth based perovskite, methyl ammonium iodobismuthate with molecular formula
CH3sNH?3)3Bi2le, (MBI) has been reported to be environment friendly and relatively more stable as
compared to the lead halide perovskites. Apart from this, MBI possesses very good
semiconducting, electronic, optical and ferroelectric properties along with the rich structural
diversity.[6] In MBI, 6s® lone pair from Bi** plays a crucial role in controlling all the
physicochemical properties.[7]

Park et al. [8] have reported Bi based organic-inorganic hybrid perovskites having chemical
structure AsBizle (A= CH3NHs3 or Cs) by replacing Pb with Bi and used as active component for
the perovskite solar cells. Unfortunately, large number of defect states and large optical bandgap

(about 2.1~2.4 eV) of this material resulted in to very poor photo conversion efficiency. Lyu et al.
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[6] have also investigated MBI based solar cells and its fundamental properties, but due to
background carrier concentration, low carrier mobility and wide bandgap resulted in to very poor
efficiency (0.2 %). Oz et al. [9] have also employed zero-dimensional MBI for photovoltaic
application but ended up with negligible efficiency of 0.1 % due to the wide bandgap (2.9 eV). A
perusal of these reports clearly corroborates that bandgap tuning of MBI is mandatory in order to
realize the improved photovoltaic performance. Therefore, development of Bi based perovskite by
replacing Pb with Bi without disturbing the basic properties of lead halide perovskites is highly
desired. Main asset of the perovskite structure is that material properties like dimensionality,
crystal and electronic structures are tunable.[10] The material property can be altered by changing
A, B and X in the chemical structure A3B2Xg or by stoichiometry and size of the atoms. [11-12]
Towards the development of novel MBI, although efforts have been directed by replacing organic
CH3NHzs" to inorganic NH4™ but measured bandgap was high (2.04 eV).[13] Slavney et al.[14]
have also attempted to incorporate Bis* into the perovskite crystal lattice to form Cs;AgBiBrs
double perovskite but measured bandgap of the material was still 1.95 eV. A novel perovskite
having formula MABISI; has been theoretically proposed using split anion approach. Aim of this
proposal was to get similar properties that of lead halide perovskite but its experimental

verification is yet to be done. [15]

Therefore, narrow bandgap Bi based perovskites are highly desired in order for their
successful utilization as active material for the photovoltaic applications. In this work, we have
experimentally demonstrated the development of novel sulfur doped MBI on the glass substrates
exhibiting a bandgap of 1.45 eV. To prepare this lower bandgap MBI, we have implemented a
novel strategy, where Bi(xt)s (xt = Ethyl xanthate) has been used as the soluble precursor instead
of Bi>Sz or BiSI in combination with methyl ammonium iodide followed by its thermal annealing.

4.2 Experimental

4.2.1 Synthesis of bismuth (111) ethyl xanthate

Bismuth (I11) nitrate pentahydrate (30.9 g, 63.7 mmol) was dissolved in 500 mL of
deionized water and 55 mL of hydrochloric acid was added until suspension became clear. A
solution of potassium ethyl dithiocarbonate (32.7 g, 204.0 mmol) in 100 mL of deionized water
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was added under stirring and a yellow solid was formed immediately. After the reaction solution
was stirred for 1 hour, the yellow precipitate was filtered and dried under vacuum. The residue
was added in deionized water and dispersed by ultrasonic treatment. After the soluble side products
were removed by filtration, the residue was washed thoroughly with deionized water and dried

under vacuum.

4.2.2 Making of sulfur doped bismuth perovskite films

For the preparation of sulfur doped MBI, glass substrates were cleaned in the order by
distilled water, acetone, and isopropanol for each 15 minutes. Mesoscopic TiO> layer was spin
coated on the glass substrate by diluting PST-30NRD paste (Dyesol) with ethanol in the ratio of
1: 3 at 5000 rpm for 30 seconds. After that prepared films were annealed at 500°C for 30 minutes.
The precursor solution was prepared by mixing Bi(xt)s and MAI in the molar ratio of 1:2. DMF
was used as the solvent and after stirring it continuously for 10 minutes the solution was filtered
using 0.45 um PTFE filter. MBI films was formed by spin coating the precursor solution at 2000
rpm for 15 sec. After spin coating the films was post annealed at different temperatures like 80°C,
120°C, and 150°C.

4.2.2.1 Making of conventional bismuth perovskite film

For the making of conventional bismuth based perovskites the glass samples were cleaned
similar to above mentioned process for preparation of sulfur doped MBI. Same kind of procedure
for making of mesoporous TiO: layer was followed. For making of precursor solution 1 M of Bils
and 1 M MAI was taken in 1 ml of DMF and allowed to stir until it made the clear solution. Then
solution was spin coated at the speed of 3000 rpm for 30 seconds and post annealed at 120°C for
20 minutes to get the undoped bismuth based perovskites.

4.2.3 Crystallographic and morphology studies

XRD patterns for sulfur doped MBI were studied using X-ray diffractometer RINT-Ultima
l11, Rigaku, Japan employing Cu Kal radiation (k = 1.5406 A). Diffracted rays were registered for
every 0.02° of Bragg angle from 10° to 60°. Before the measurement of sample standard silicon
samples was measured for calibrating and X-ray intensity for TiO2/glass was also checked. Surface
morphology of the samples was studied through FE-SEM (Hitachi, S-5200).
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4.2.4 Optical absorption and FTIR studies

Jasco V-550 UV-vis spectrophotometer were used for recording the absorption spectra for
sulfur doped MBI. Glass coated with mesoporous TiO2 was used as the reference for the correction
of background. Jasco FTIR 4100 was used for the measuring the FTIR spectra for the samples in

transmission mode.

4.2.5 Elemental composition studies (XPS)

Wide and high resolution XPS measurements for sulfur doped MBI was performed using
Shimadzu/Kratos Axis HSi. AlKa radiation were employed for measuring the samples at the
pressure of 1 x 10 mbar. Specific core level were repetitively measured in order to minimize the

charging and radiation effects.

4.2.6 Thermogravimetric analysis (TGA) and photoelectron

yield spectroscopy (PYYS)

Thermogravimetric/Differential Thermal Analyzer (TG-DTA) measurements were
performed using Shimadzu DTG-60 model. Four milligram of Bi(xt)s powder was heated at the
rate of 20°C/min from ambient temperature to 500°C with nitrogen as purge gas. PYS spectra for
the samples were analyzed using PYS, Bunkoukeiki Co., Ltd., BIP-KV201. In preparing samples,
sulfur doped MBI was coated over the FTO substrate and post heated at different temperatures.

4.3 Results & Discussion

4.3.1 Reaction scheme

Thermal decomposition of the metal xanthates ultimately leads to metal sulphides via the
formation of volatile intermediates like CS,, COS, COz, and CO. [16] Thermal decomposition of
Bi(xt)s finally forms Bi.S3 (Scheme-1) having enthalpy of -32.31 + 0.5 Kcal mole™ at 298 K.[17]
At the same time, for the reaction between Bi and | to form Bil3 the enthalpy of formation is -36
+ 1 Kcal mole? at 298 K [18] which is comparable. Therefore, in the presence of methyl
ammonium iodide (MAI), during the decomposition of Bi(xt)s would most likely tends to form
MBI as per the reaction scheme-2. Sulfur generated during the decomposition is expected to dope

the MBI thus formed resulting in to the proposed low band gap MBI.
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Scheme 1. Decomposition of Bi(xt)s to Bi2Ss.
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Scheme 2. Decomposition of Bi(xt)s in the presence of MAI to form sulfur doped MBI.
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4.3.2 ldentification of the material through

crystallographic studies (XRD)

XRD patterns of sulfur doped MBI thin films have been shown in the Figure 1. In the
crystal structure of MBI metal halide (Bizle)*> bi-octahedron is separated by MA cation.8
Experimentally obtained XRD patterns are in well agreement with the previously reported XRD
patterns of MBI with hexagonal crystal structure and space group as P6z/mmc.[6,19] The obtained
lattice parameters of our samples are a = 8.69 A and ¢ = 21.8 A and they are comparable with the
lattice parameters of MBI single crystals.[20] Cui et al.[21] have reported the bandgap tuning in
MAPDI3 by adding Br and demonstrated that addition of Br shifts the 26 towards the higher value
due to the smaller ionic radius of Br (rion = 1.96 A) than I(rion = 2.2 A) and emphasized the presence
of Br in the crystal lattice to form MAPbBr«ls.x. In the present case, neither there was any
additional peak nor there was any peak shift in the presence of sulfur compared that of the
simulated XRD pattern of the MBI as shown in the Figure 1. This apparently makes us to believe

that iodine was not replaced by sulfur and it might be present in the interstitial sites. The samples
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post heated at 80°C and other higher temperatures exhibit clear visible color differences as shown

in the Figure 1 but in the XRD patterns there was no shift in the 26.

Intensity [A. U]

b) Glass/ms-TiO5f Bi(xt)3+2MAI at 120°C

1 L i i i
c) Glass/ms-TiO5/ Bi(xt)3+ 2ZMAI at 80°C

d) Simulated XRD Pattern for MBI

20 40 60

20 (degree)

Figure 1. XRD Patterns for sulfur doped MBI at different post heating temperatures (a)
150°C (b) 120°C (c) 80°C and (d) Simulated XRD pattern for undoped MBI

4.3.2.1 Comparative XRD of material with precursors

For finding the impure phases in the Sulfur doped MBI, the obtained XRD pattern of the

sulfur doped MBI at 150°C was compared with the precursors methyl ammonium iodide and

bismuth ethyl xanthate powder. The XRD pattern of bismuth sulfide powder was also used in the

comparison since all the metal xanthates has the tendency to form metal sulfides when they

annealed at their particular decomposition temperature. So, bismuth sulfide powder was made by

annealing the bismuth ethyl xanthate powder at 150°C in a crucible. After annealing it for over 30

minutes black colored bismuth sulfide powder was subjected for the XRD studies. Figure 2 shows

the overall XRD comparison and the obtained patterns clearly shows that sulfur doped MBI didn’t

contain any impure phase from the precursors and bismuth sulfide.
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Figure 2. Comparison of sulfur doped MBI XRD Patterns with precursor materials
and bismuth sulfide (a) Bi(xt)s + 2MAI at 150°C (b) Bismuth sulfide powder (c) Methyl
ammonium iodide powder (d) Bismuth ethyl xanthate powder.

4.3.3 Bandgap measurement using optical absorption

technique

Figure 3 shows the electronic absorption spectra for thin films of the perovskites formed
after post annealing of Bi(xt)s and MAI taken in the molar stoichiometry of 1:2 at different
temperatures. Before the measurement of absorption spectra of our samples mesoporous TiO>
films were used as the reference for excluding the absorption provided by the TiO> layer since our
sulfur doped MBI was coated above the mesoporous TiO2 surface. From the Figure 3, it can be

clearly seen that thin film obtained after heating at 80°C forms relatively wide bandgap material
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and there was a clear red shift in the optical absorption edge as the post heating temperature and
was increased above 80°C.

=Bil, + MAl at 120°C
——Bi(xt), + 2MAl at 80°C
1.0 —Bi(xt), + 2MAl at 120°C
= Bi(xt), + 2MAl at 150°C
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Figure 3. UV-Visible absorption spectra for undoped and sulfur doped MBI at

various post heating temperatures.

Absorption spectrum of undoped MBI films having lower optical absorption edge clearly
explain the red-shift observed in the present case is attributed to the presence of sulfur moieties in
the MBI. In order to estimate the optical bandgap, Tauc plots were made by plotting (ahv)? as a
function of photon energy as shown in the Figure 4. A perusal of Tauc plots depicts that the optical
bandgap of sulfur doped MBI formed after heating at different temperature leads to lowering of
optical bandgap from 2.04 eV (Undoped MBI) to 1.45 eV. In our novel synthesis process bandgap
of sulfur doped MBI was decreased as a function of increasing post-heating temperatures. MBI
synthesized and reported till date possess optical bandgap of about 2 eV (2.1-2.4 eV) while the
bandgap measured in the present case is much lower. This could only be possible considering in-
situ sulfur doping of MBI during the decomposition of Bi(xt)s that drastically reduce the bandgap
of the material from 2.04 eV to 1.45 eV which is even lower than the conventional lead halide

perovskites.[22] The sample annealed at 80°C was orange in color with blue-shifted absorption
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edge resulting in to relatively higher bandgap. This could be probably due to the presence of

impurities from the Bi(xt)s and incomplete doping of sulfur.

—Bi|3 + MAI at 120°C

Bi(xt), + 2MAl at 80:C |
| ——Bi(xt), + 2MAI at 120°C [
4.00E+012 Bi(xt), + 2MAI at 150°C

5.00E+012 4

1.46 eV
3.00E+012 -
1.45 eV

=
=
B 5 00e+012

1.00E+012 o

0.00E+000

—T T T T 1T 1 T T T T T T T
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Energy (eV)

Figure 4. Tauc plots for undoped and sulfur doped MBI at various post
heating temperatures.

4.3.4 FTIR measurement

In order to further verify the formation of sulfur doped MBI, FTIR spectroscopic
investigations were also conducted and results are shown in the Figure 5. For the measurement of
FTIR the powder of the samples were obtained by scratching the sulfur doped MBI on the glass
sample. Due to high sensitivity of the FTIR very little powder samples was used for the
measurement. The stretching vibrations associated with the C-O-C and C-S bonds of Bi(xt)s were
found at 1210 cm™ and 1025 cm™ respectively. Even after annealing the sulfur doped MBI at 80°C
intense bands for C-O-C and C-S linkages were still seen, suggesting that Bi(xt)s was not
decomposed completely. In addition, C-N stretching vibration was also found at 1113 cm for the
samples post heated at 80°C which should be originated from the solvent DMF.[23] Interestingly,
the C-O-C and C-S bond vibrations of Bi(xt)z and DMF were completely vanished for the samples
annealed at temperature >120°C. The typical vibration bands for MBI like N-H stretching at 3178

69



cm, N-H bending at 1581 cm™, N-H wagging at 909 cm™, and C-H bending vibration at 1468

cm™ can be clearly seen. The samples annealed at 150°C also had the similar groups with minor

shift in the peak position.

% Transmittance

- —— Glass/ms-TiO2/ Bi(Xt), + 2MAl at 150° C

1580~
———=3182

1467 907
Glass/ms-TiO2/ Bi(Xt), + 2MAI at 120° C

'

- 1581 P 1247

= 3178
1468 --| 909

Glass/ms-TiO2/ Bi(Xt), + 2MAI at 80° C

| < .3132 157‘14661 | ~ 913
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Figure 5. FTIR spectrum of Bi(xt)s powder and sulfur doped MBI at different

temperatures.

4.3.5 Optimization of post annealing temperature using TGA

For optimizing the post annealing temperature and to know the decomposition temperature

of Bi(xt)s, TG-DTA measurement was performed as shown in the Figure 6. It can be seen that

Bi(xt)s starts decomposing at 120°C. The expected and observed residual weight percentage from

120°C -160°C showed the formation of Bi>Sz. Therefore, it is the clear evident that for making

sulfur doped MBI minimum post heating of 120°C is required to remove the organic impurities

from Bi(xt)zs and for complete doping of sulfur. Thus results obtained from investigations
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pertaining to the FTIR and TG-DTA reveal the reason for change in color from orange to black

and reduction in the bandgap from 1.68 eV to 1.45 eV when sulfur doped MBI was post annealed
at 120°C-150°C.
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Figure 6. TG-DTA for Bi(xt)s powder.
4.3.6 Elemental composition studies by X-ray

photoelectron spectroscopy (XPS)

Elemental composition of the sulfur doped MBI was further probed by XPS measurement
and wide energy survey spectrum was shown in the Figure 7. A perusal of XPS survey spectrum
reveals the presence of Bi, I, S, C, N, Ti and O atoms. Origin of Ti and O which are basically from

the mesoporous TiOz layer. In bismuth presence of Bi 4p, Bi 4d, Bi 5d, and Bi 4f was observed,
while in the case of sulfur S 2p was noted. In case of iodine | 3d and | 4d was present.
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Figure 7. XPS spectra of sulfur doped MBI at different temperatures in wide

range.

The main aim for doing the XPS studies was primarily to prove the presence of sulfur in
the system because in the case of chloride additives no traces of Cl" ions were found but changes
the property of the perovskite material. So, presence of peak related to S 2p clearly indicates the
presence of sulfur in the system. High resolution XPS analysis for Bi(4f) and S(2p) orbitals are
shown in the Figure 8. The binding energy of Bi 4f7;> was 158.8 eV for the samples post heated at
80°C and 120°C while samples post heated at 150°C exhibited the binding energy slightly shifted
at 158.6 eV. Observed values of the binding energy are in very good agreement with the reported
values of MBI [6] clearly indicating that sulfur present in the system didn’t change the chemical
bonding environment of Bi. Interestingly, S 2ps/. peaks had the notable peak shift from 162.3 eV
(sample post heated at 80°C) to 161.3 eV (sample post heated at 150°C). This reduction in binding
energy shows that addition of valence electron charge which is most probably due to the complete

removal of organic impurities from the xanthates.
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Figure 8. High resolution XPS spectra for Bi 4f and S 2p of sulfur doped

MBI at various post heating temperatures.

4.3.7 HOMO measurement using photoelectron vyield
spectroscopy (PYYS)

Sulfur doped MBI was also subjected to photoelectron yield spectroscopic (PYS)
measurements and results are shown in the Figure 9. HOMO energy level for the samples post
heated at 80°C was found to be -5.08 eV while further increase in temperature led to decrease in
the HOMO level to - 5.65 eV for the samples annealed at 120°C-150°C. In combination with band
gap estimated from Tauc plot and HOMO by PYS, LUMO energy levels for sulfur doped MBI
were also calculated to construct the energy band diagram as shown in Figure 10. From the energy

band diagram, it is clear that sulfur doped MBI annealed at 120°C and 150°C can work well with
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commonly used HTM like spiro-OMeTAD or P3HT while ETL with relatively deeper LUMO like

SnO; would be suitable for the photovoltaic applications. [24]
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Figure 9. Photoelectron yield spectroscopy of sulfur doped MBI post annealed at

different temperature.

4 Sulphur doped
MBI at 80 °C
-
-3.78 eV
Sulphur doped Sulphur doped
MBI at 120 °C MBI at 150 °C
2 [ ao6ev |
— => -4.19 eV
[— "! g 1 p
> o © > >
Q - (] v
i - -
|
y
-5.65

Figure 10. Energy band diagram for undoped MBI and sulfur doped MBI post heated
at different temperatures
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4.3.8 Investigation of electronic studies by Hall-effect

measurement

Hall-Effect measurement was also conducted in order to investigate their electronic
characteristics like nature, conductivity, carrier concentration, and carrier mobility. All of the
sulfur doped MBI films exhibited the P-type semiconducting behavior due to the observation of
positive Hall coefficients. Samples post heated at 120°C exhibited carrier concentration of 2.3 x
1021 cm® along with the high carrier mobility of 2.28 cm?vs®. This obtained carrier
concentration for our sample is more than 7 orders of magnitude higher than conventional MAPbI3
and 5 orders of magnitude higher than undoped MBI as shown in Table 1.

Table 1. Comparison of Hall-Effect measurement

Material Carrier concentration Mobility
Sulfur doped MBI at 120°C 2.3x 10t cm? 2.28 cm?.vist
Undoped MBI 101 cm[1] 1 cm2vis?t [1]
Lead perovskites (MAPDI53) 2.7 x10% ecm3[2] 8.2 cm?.vist[3]

4.3.9 Photoluminescence spectroscopy (PL measurement)

Figure 11 shows the PL measurement for sulfur doped MBI samples post annealed at
different temperatures. The time taken by the electron to decay from the PL can be taken as the
PL decay time. By PL measurement at room temperature we cannot distinctly say whether the PL
decay corresponds to exciton or free charge carrier lifetime unless knowing the exciton binding
energy. However, the recombination time of the photo-excited species could be measured. Life
time measured for the sulfur doped MBI was given in the Table 2 and also detailed comparison
with undoped MBI and lead based perovskites are also given. The life time of the samples seems
to be increasing in relation with post annealing temperature. The maximum life time of 0.91 ns
was obtained for the samples post annealed at 150°C. The life time obtained for the sulfur doped
MBI was almost 8 times higher than that of conventional undoped MBI. However it is

comparatively low than lead based perovskites MAPDIs3.
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Figure 11. Photoluminescence spectroscopy of sulfur doped MBI post annealed at

different temperature.

Table 2. Life time measurement of sulfur doped MBI and its comparison

Sample details Life time
Bi(xt); + 2MAI annealed at 80°C 0.63 ns
Bi(xt)s + 2MAI annealed at 120°C 0.85ns
Bi(xt)s + 2MAI annealed at 150°C 0.91 ns
Undoped MBI 0.12 ns
Lead based perovskites (MAPDI5) 2ns
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4.3.10 Surface morphology studies (FE-SEM)

FE-SEM analysis was made for examining the surface morphology of sulfur doped MBI
samples and has been shown in the Figure 12. For this purpose, material was spin coated on the
glass slide without mesoporous TiO> layer. Samples heated at 80°C exhibited featureless
amorphous surface without clearly visible isolated particles which could be attributed to the
presence of remaining solvent (DMF) as indicated from FTIR. Interestingly, samples post heated

at 120°C exhibited needle shaped particles with relatively better surface coverage.

Figure 12. FE-SEM images of sulfur doped MBI post annealed at different temperature
(aand a-1) 80°C, (b and b-1) 120°C, (c and c-1) 150°C.
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4.4 Conclusions

In summary, existing problem of bandgap reduction in MBI for extended wavelength
photon harvesting was amicably solved by demonstration of facile and convenient preparation of
sulfur doped MBI. This sulfur doped MBI was prepared by in-situ doping of sulfur via thermal
decomposition of Bi(xt)z leading to the formation novel perovskite having band gap even lower
than that of most widely used MAPDbI3. XRD results showed the similar profile related to undoped
MBI suggesting the presence of sulfur in the interstitial sites. The presence of sulfur also was
confirmed by the XPS measurement. Minimum temperature for making sulfur doped MBI was
found to be 120°C as indicated by FTIR and TG-DTA investigations. Hall-Effect studies suggested
that obtained samples are P-type semiconductor with higher carrier concentration and mobility as
compared to that of undoped MBI. From the PL measurement 0.91 ns life time was obtained for
sulfur doped MBI which is higher than the conventional undoped MBI. Results of the present work
indicate that such materials could be one of prospective candidates towards the development of

lead free and stable perovskite solar cells in future.
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Chapter 5. General Conclusion

Crystal growth, morphology and surface coverage are the important parameters to achieve
high efficiency in lead based perovskites. There are various kinds of methods to solve these issues
in the lead based perovskites like by increasing the precursor ratio, solvent engineering, vacuum
assisted PVD techniques etc. But we chose to add chloride as additives to overcome the problem.
We achieved the grain size almost double when compared to the samples without additives. Also
study on the impact of different chloride precursors was studied. As another part of my doctorate
studies we also found the novel lead free bismuth based perovskites with narrow bandgap. In the
conventional bismuth based perovskite wider bandgap is the huge bottleneck, we solved this
problem by doping sulfur in to the bismuth based perovskites. The bandgap we achieved was lower
even when compared to the lead based perovskites which was the very big achievement. To best
of our knowledge our work done is the first element of investigation on both lead based and lead
free perovskites.

In the first chapter of the thesis basic importance and types of renewable energy were
discussed. In that specific role of solar energy was discussed in detail. VVarious kinds of materials
involved in solar energy application was also discussed in brief. In that importance perovskite
materials as light absorbers was given in accordance with their unique physical and chemical
properties. A brief introduction on perovskite structure and relative change in properties were
highlighted. The basic aim and idea about the current thesis were explained in detail subsequently.

Second chapter gives the fundamentals and basic ideas for the instrumentations that was
utilized. Mainly all the instruments were used for studying the variation in the physical properties
of lead based and lead free perovskites. A brief details about the working principles of each

instruments was also discussed with literature proofs to understand its mechanism.

Chapter three was focused on the investigation of lead based perovskites with introduction
about the experimental parameters followed to make lead based perovskite films. By using
different kinds of chloride precursors, Ethyl ammonium chloride (EACI) was found as the best
additive for the bigger grain size growth of lead based perovskites. XRD was employed to mainly
study the crystal nature of the perovskites and it was found that grain size was almost double when
compared to the other samples. The impact of alkyl chain length in different chloride precursors
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over the crystal growth studied through their XRD pattern. It has been shown that dissociation of
Cl ions plays the crucial role in fixing the crystal size of the perovskites. From the FE-SEM it was
proved that grain size growth was bigger than lead based perovskites without additives with better
surface coverage. In addition different anion like Br, and | was also substituted in the EACI to
study the role of anion crystal growth. Photoacoustic characterization was done to know bandgap
variations, reduce in the defect of the crystal by urbach energy and secondary proof to increase in
grain size (Steepness factor). The bandgap didn’t had any variation due to the additives and defects
highly reduced due to EACI as additive. All the results obtained from the photoacoustic studies
was completely supportive to other characterization techniques utilized. Finally to improve the
lead based perovskite surface smooth, EACI was used in two-step crystal growth of lead based
perovskites. In this context, different solvents like DMF and DMSO were used for growing the
smooth surface. Again through XRD studies clear increase in grain size was found and in addition
AFM technique was used to study the roughness and showed the smooth surface for the samples
used DMSO solvent. From all the above experiment it was concluded that EACI as the best

additive with DMSO as the solvent in the two step methodology.

Fourth chapter deals with the lead free bismuth based perovskites. A novel approach to
make bismuth based perovskites films using bismuth xanthate was explained in the experimental
part with appropriate characterization techniques. The confirmation of the material phase was
studied through XRD with the simulated pattern of undoped bismuth perovskites. From UV-
Visible spectroscopy clear shift in band edge was observed from 2.04 eV (Undoped) to 1.45 eV
(Sulfur doped) which is the very big breakthrough in the field of lead free perovskites. The
presence of sulfur also was confirmed by the XPS measurement. FTIR and TG-DTA investigations
showed that minimum temperature for making sulfur doped MBI was 120°C. Hall-Effect studies
suggested that obtained samples are P-type semiconductor with higher carrier concentration and
mobility as compared to that of undoped MBI. From the PL measurement 0.91 ns life time was
obtained for sulfur doped MBI which is higher than the conventional undoped MBI. All these
parameters shows that sulfur doped MBI will be one of the best competitor in the field of solar

cells.
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Future prospect

In the future prospect the lead based perovskites with EACI (CH3NH3Pbls—«Cly) as additive
could be employed in the planar architecture (p-i-n). Because in planar architecture the perovskite
material with high diffusion length is required in order to achieve the high efficiency. In
CH3sNHsPbls—Cly kind of perovskites already proved that it has the high diffusion length when
compared to that of CH3NHz3Pbls. So, best part of our work is in addition to these property we also
demonstrated the way to grow bigger and less defect CH3NH3sPbl;—<Clx crystals using EACI. All
these studies clearly shows that lead based perovskites with EACI as additive will be one of the
potential candidate in the field of planar architecture (p-i-n) solar cells. This material can also act
the important candidate in flexible perovskite solar cells where p-i-n or n-i-p structures are used.
By careful evaluation and strategy EACI additive has much chances for enhancing the
performances of lead based perovskites in planar architecture rather than meso-structured devices.
Further investigation of EACI additive with other types of perovskite like CsPbls, FAPDbI3, and
MA3Bi2lg could reveal lot more interesting physicochemical properties that may be useful in

enhancing the solar cell performance.

For sulfur doped MBI careful we have fabricated our device in the configuration of
FTO/Compact TiO2/ Mesoporous TiO2/ Sulfur doped MBI/Spiro-OMeTAD/Gold. Very good
ideal diode characteristics was observed for Sulfur doped MBI. However, more focus is required
in order to obtain the high efficiency since it is controlled by a lot of optimization issues of various
other components and interfaces. In that part, from our opinion the reason for poor performance
could be the electron transport layer. The HOMO of our material is 4.06 ~ 4.19 eV which is lower
than that of mesoporous TiO2 with HOMO of 4 eV. This issue is also applicable to the compact
layer TiO, which apparently shows that conventional device architecture for MAPbIs (Methyl
ammonium lead iodide) perovskites could not be applicable to sulfur doped MBI. So, lot of efforts
is needed in choosing the suitable materials for electron transport and compact layer for achieving
high photovoltaic performance. This novel finding of sulfur doped MA3Bi:lo to reduce the bandgap
by Bi(xt)s (xt = Ethyl Xanthate) may not only the breakthrough in improving the performance of
MAsBI2lg, but also usage of Sn, Sb or Pb xanthate with MAI has higher possibility to deliver novel

materials in future.
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