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ABSTRACT

Abstract

If we look back into the past few decades, we have experienced that the optoelectronic
field has revolutionized the world and impacted our daily lives. Photodetectors are one of
the devices that convert light energy into electrical signals, which contributes to the
development of the photoelectronic field. For this reason, photodetectors are considered
as one of the inevitable semiconductor devices in fields such as remote sensing
technology, optical communications, and optoelectronic applications. Till the present
scenario, photodetectors have achieved the ability to detect light in UV-Vis-NIR region,
making them useful for various applications in industrial, environmental, and medical
fields. Several semiconductor materials have been explored to absorb light because of
their appropriate bandgap values and are used for the fabrication of photodetectors. For
the past few years, lead-based devices are getting considerable attention due to their
outstanding performances. However, the toxicity and stability of lead-based
semiconductor materials limit their applications on a large scale. Thus, developing novel
materials with high stability and low toxicity which can be processed by low-cost methods

is essential for future optoelectronic applications.

Bismuth based materials are considered as less toxic material due to their excellent
optoelectronic properties. Antimony iodide is a material with a similar structure to
bismuth iodide and less explored so far. While synthesizing and characterizing various
binary materials such as bismuth iodide (Bils), copper iodide (Cul) and silver iodide (Agl),
we find that these binary thin films can be used for the preparation of perovskites. A
special focus has been given to study the structure, morphology, composition, and
optoelectronic properties of Sbls because only a few experimental studies are reported so
far. We developed a photodetector device by putting in many efforts to optimize the best
optimum conditions for the formation of Sbls. The main objective of this thesis is the

synthesis and characterization of bismuth-based perovskite materials for optoelectronic



ABSTRACT

applications. Silver bismuth iodide (Ag:Bils) and copper bismuth iodide (Cu2Bils)
perovskite’s structure, morphology, elemental composition, and optoelectronic properties
are deeply investigated and presented. We find that the bismuth iodide concentration has
a significant role in tuning the properties of AgzBils perovskites. Whereas the structure,
morphology, composition, and optoelectronic properties of CuzBils perovskites are
tunable by changing the copper thickness. Based on these studies, we developed a stable
and reproducible photodetector with good selectivity towards visible light. We find that
these bismuth-based perovskite materials have great potential for photodetector
applications and a promising future for other optoelectronic applications. This thesis will
inspire to do more research on these novel perovskites and give more insights to explore

lead-free materials for future optoelectronic applications.

Vi
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Chapter 1

Emerging lead-free perovskite materials in

optoelectronics

1.1. Semiconductor materials for optoelectronic applications

Based on the conductivity properties materials can be classified into three types -
insulators, semiconductors and metals. They are recognized based on the position and
occupancy of valence band (VB) and conduction band (CB). The highest occupying band
is called valence band and the lowest un-occupying band is called conduction band. The
energy gap between valence and conduction band is called bandgap (Eg). Figure 1.1 shows
the schematic diagram for the classification of materials based on their energy gap. Metals
are materials whose conduction band overlaps with the valence band. The valence
electrons in metals are free electrons that can move easily, resulting in good
electrical/thermal conductance. There be a small energy gap (0.1-3 eV) between these
bands for semiconductor materials, where for insulators, there be a large energy gap (>3
eV) between these two bands. The reason behind using semiconductor materials for
photovoltaic application is that electrons can be easily excited from the valence band
maximum to the conduction band minimum using solar energy because of their narrow

band gap.

In every field of our life, semiconductor optoelectronic devices which convert light
into electrical signals and vice versa play a crucial role. They put their fingerprints in
various applications such as photodetectors, light-emitting diodes (LEDSs), laser diodes,
telecommunication systems, information technology, etc. In every optoelectronic device,
an interaction between light and semiconductor occurs and its performance depends on
the electronic properties of material. Thus, it is essential to improve the optoelectronic

properties of materials, thereby improving the device performance.
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Electron
hole

a) metal b) semiconductor ¢) insulator

Figure 1.1. Schematic representation of materials based on their position of valance band

and conduction band a) metals, b) semiconductors and c) insulators.

i |
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band bV

e~ IW

Energy
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a) b) j

Figure 1.2. Schematic representation of E-k diagram for a) direct bandgap and b) indirect

bandgap semiconductors.

The suitability of semiconducting materials for optoelectronic applications depends on
their type of bandgap. There are two basic types of semiconductors: direct bandgap

2
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semiconductors and indirect bandgap semiconductors, as shown in Figure 1.2. For direct
bandgap semiconductors, the conduction band minimum and valence band maximum
have the same k-vectors. In contrast, indirect bandgap semiconductors have different k

values.

The energy and momentum must be conserved for any kind of electron transition. Photon
wavevector is always smaller than the electron wavevector. When a photon interacts with
an electron, the transition must occur vertically thereby keeping energy-momentum
conserved. For the indirect bandgap semiconductors, the conduction band minimum and
valence band maximum are not vertically aligned. Thus, when a photon interacts with the
electron in the valence band, the energy and momentum will not be conserved. So, another
particle is involved in the indirect transition and is called phonon. Phonons are particles
associated with lattice vibrations and they have smaller energy and larger momentum
compared to photons. An indirect transition involves a three-particle interaction thus the
probability of transition is significantly reduced. That is why direct bandgap
semiconductors are mainly used for optoelectronic applications. Many semiconductor
materials have been explored for optoelectronic application. Lead (Pb) based compounds
are one of the most studied materials for optoelectronic applications for the past few years.
When considering its toxicity and the harm that it causes to the environment, there is an

urge to explore new less-toxic materials.

1.2. Organic-inorganic perovskites

Perovskite was originated from a mineral named calcium titanate (CaTiO3) and
was found by Gustav Rose in the Ural Mountains of Russia. Perovskite structure was
named by the Russian mineralogist L.A. Perovski. Till now many materials have been
discovered with CaTiOs perovskite crystal structure. Perovskites have a basic crystal
structure with the general formula ABXzs (Figure 1.3). For organic and inorganic hybrid
perovskites based on metal halides, A is an organic cation (e.g.,, CHsNHz or MA+,
fromamidinium or FA+) or inorganic cation (e.g. K*, Rb*, Cs™) which is selected to
balance the total charge, B is a metal cation (e.g., Sn?* or Pb?*) and X is a halogen (Cl, F,
Br or I). Perovskite structure involve a network of corner-sharing BXs octahedra with A

cations occupying 12-fold coordinated holes within the structure-2,
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Figure 1.3. Schematic representation of basic structure of perovskite where A,B and X

atoms are shown in blue, grey and purple colors®.

A solar cell is one of the optoelectronic devices that use solar energy for electricity
production. Photovoltaics is a phenomenon that converts directly solar energy into
electrical energy using semiconductor materials®. There are different types of solar cells
and they are classified according to the type of material used for charge generation. Earlier
photovoltaic (PV) technologies were mainly based on commercial silicon, gallium
arsenide (GaAs), cadmium telluride (CdTe), and copper indium gallium selenide/sulfide
(CIGS)*>8. According to the junctions applied, solar cells are classified into three major
groups, i.e., inorganic p-n junction solar cells, hybrid solar cells, and organic e-acceptor/e-
donor solar cells.

Interestingly, hybrid solar cells are again classified into two groups: dye-sensitized
solar cells and other hybrids. In recent years, solar cells based on quantum confinement
and nanostructures also have been investigated®. The basic structure of a solar cell is
shown in Figure 1.4. The device performance varies from one cell to another since there
are differences in the crystal structures, the fabrication of the device structures, and power
generation of different PV devices. A PV device can be an excellent one when it has high
power conversion efficiency (PCE), less expensive precursor materials, a simple device

fabrication process, and has a longer lifetime. Methylammonium lead iodide was the first
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metal halide perovskite solar cells reported by Miyaska et al. in 2009. After that, many
efforts have been made so far. Perovskite solar cells have become very popular in a short

period (10 years) since their PCE has jumped from 3.8 to 25.2%'%! as shown in Figure
15.

Metal contacts

Figure 1.4. Device structure of a p-n junction solar cell.
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Figure 1.5. Best cell efficiency chart by NREL https://www.nrel.gov/pv/assets/pdfs/best-
research-cell-efficiencies.20191106.pdf (accessed January 4, 2020).
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Perovskite materials have attractive optoelectronic properties such as high optical
absorption coefficient in the Vis-NIR range, tunable band gap, prolonged carrier
recombination lifetimes, high electron/hole mobilities, and small electrons/hole effective
masses and binding energy of the exciton'?4. There are two essential factors related to
the perovskite crystal structure. They are the tolerance factor (t) and octahedral factor (p).
The structural stability of perovskite can be described by Goldschmidt tolerance factor (t),

which is given by the equation,

RA+ RB

‘= V2(RX + RB) M

where RA, RB and RX are the ionic radii of the metal cation and anion ions. Whereas the

distortion of the crystal can be predictable by the octahedral factor which is given by,

RB

=X (2)

U

For a stable octahedron, the octahedral factor's value should range from 0.41 to 0.73%,
The ideal value for the tolerance factor should be = 1, and it is found that most of the 3D
perovskite materials have ‘t’ in between 0.8 and 18, Organic-inorganic hybrid halide
perovskite materials attain different structures depending on the tolerance factor. For
example, they tend to form cubic structure when 0.8 <t <1, hexagonal structure when t >
1, and orthorhombic structure when t < 0.8'8. Depending upon the tolerance factor, there

is a wide variety of organic-inorganic hybrid halide perovskites®®.

The organic-inorganic perovskite performance has become comparable with
commercial silicon-based optoelectronic devices, but are suffering from degradation and
distortion of their crystal structure under heat, moisture and light. As a result, perovskites
performance is affected by their low stability, which is mainly due to their instability of
its organic components (e.g. methylammonium and formamidinium) under moisture and
UV light. These organic components are also easy to react with water molecules, sunlight,
and heat to form intermediate hydrates, which results in the perovskite degradation and
thus poor lifetime?®-23, Besides the instability factor, the toxicity of lead also affects the

commercialization of lead-perovskite-based optoelectronic devices. There have been
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many efforts reported to improve the stability of perovskites so that the optoelectronic
devices' commercialization can practically be possible. For example, two-dimensional
perovskite structure designing, mixing with Cs™ to adjust the band gap value and tolerance
factor resulted in improved PCE and long-term stability®*%°, Also, deposition of two
dimensional perovskites on the top of the three dimensional perovskites resulted with
higher stability of the devices by engineering the interface?®?’. Devices encapsulated with
polymers also improved the stability and it plays an important role in the

commercialization of devices with long-term stability?-%,
1.3. Emerging lead-free perovskite materials

Lead halide based perovskite materials have limitations like its toxicity,
bioavailability, carcinogenicity, water solubility of lead can contaminate the water, and
instability under ambient conditions like air, heat, humidity and light***2. Due to these
reasons, many elements have been investigated to replace lead, such as Sn, Ge, Bi, Sb and
some transition metals, which resulted in perovskite structure with attractive

optoelectronic properties3334,

Lead substitution with environmentally friendly and non-toxic elements resulted
in lead-free metal halide perovskites and it can be achieved in two ways. The first way is
substitution of homovalent lead with isovalent cations such as group 14 elements
(example, Ge, Sn, etc.), alkaline earth metals (example, Mg, Ca, Sr, Ba, etc.), and
transition metals (example, Mn, Fe, Ni, Pd, Cu, Cd). The second way is heterovalent
substitution with aliovalent cations such as transition metals, main group elements (Sb,
Bi, Te etc.), lanthanides and actinides®. Homovalent and heterovalent substitution based
on the elements from periodic table resulted into a wide variety of lead-free metal halide
perovskite materials. For example, the first homovalent substitution of lead are group-14
elements like Sn and Ge wherein Sn?* and Ge 2* have a similar electronic configuration
as Pb?*. CH3NHsSnls and CH(NH2)2Snls are the most studied Sn halide perovskites. Both
Ge and Sn have good optical properties, while they can quickly oxidize from Sn?* and Ge
2* to +4 oxidation states®®®’. The homovalent and heterovalent substitution of lead with

the periodic table elements is schematically shown in Figure 1.6.
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Periodic Table of Elements
1 2 3 4 5 6 7T 8 9 10 1M 12 13 14 15 16 117 18

H He
Li | Be B|C|N/|O|F |Ne
Na | Mg Al | Si|P | S |Cl|Ar
K |Ca|Sc|Ti|V |Cr Co Zn |Ga |Ge | As | Se | Br | Kr
Rb|Sr| Y [Zr |[Nb|Mo| Tc |Ru |Rh Ag In | Sn I | Xe
Cs|Ba| » |Hf | Ta | W [Re [Os | Ir | Pt Hg Pb Po | At |Rn
Fr Ra|* |Rf |Db|[{Sg |Bh |Hs |Mt (Ds |Rg|Cn |Nh | Fl |Mc|Lv | Ts |Og

L d

D alkaline-earth metal halide perovskites . lanthanide and actinide halide perovskites
|:| group-14 element halide perovskites . heterovalent metal halide perovskites

B transition metal halide perovskites [] metal chalcogenide perovskites

Figure 1.6. Homovalent and heterovalent substitution of lead with different elements from

periodic table®.

Due to the +2-oxidation state like Pb and suitable ionic radii to form perovskite
structures, non-toxic, and earth abundance, alkaline earth metals such as Mg, Ca, Sr and
Ba can be used for the replacement of Pb. They have been investigated extensively due to
the photoluminescence properties that arrived from doping with rare earth metal cations
like Eu?*, Yb?*, or Tm?**84!, Transition metal halide perovskites have been studied for
lead replacement because of their magnetic properties. For example, transition metals like
vanadium, manganese, iron, cobalt, nickel, palladium, copper, zinc, cadmium, and
mercury have been considered as candidates for Pb replacement transition metals in the
perovskite structure*?#3, Various transition metal halide perovskites have been reported as
alternatives to lead in the perovskite crystal structure**45, Multiple oxidation states of
perovskites based on transition metals could be one problem when considering its
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chemical stability*®. In addition to these materials lanthanides and actinides (e.g. La®",
ce®, Pré*, Nd®, Sm®, Eu®*, Gd®*, Dy®*, Er®*, Tm®*", Lu** and Pu®", Am®*, BK®") have
been used in quaternary halide double perovskites as an alternative for lead halide
perovskites.

Another approach for replacing Pb is the heterovalent substitution, where a cation
in another valence state replaces the divalent lead cation. That is, it can be a monovalent,
trivalent or tetravalent cation. The straightforward substitution of the heterovalent cation
is not possible since the valence states are different. Thus, there are two approaches that
we follow for the heterovalent substitution of Pb. The first method is the mixed-valence
approach, where Pb with +2 valence state is replaced with a mixture of monovalent and
trivalent cations to give an overall valence of +2. Thallium and gold halide perovskites
follow the mixed-valence approach*’*. In the second method, the divalent Pb?* is
substituted with the trivalent cations like Sb** and Bi®**°-5, In this approach the perovskite
structure changes from ABX3 to AsB2Xo to maintain charge neutrality. Another way to
achieve the replacement of Pb halide perovskites is by utilizing chalcogenide anions (split-
anion method). It can be achieved where the halides in the metal halide perovskites are
substituted with chalcogenide anions. As a result, the crystal structure ABX3 changes to
chalcogenide halide perovskites with general formula (Ch, X)s. Metal chalcogenide bonds
are more covalent compared to metal halide bonds. This more covalent bonding nature
leads to prolonged stability under ambient atmosphere®>®3, In this decade, this class of
materials has become popular and there have been extensive investigations regarding their
crystal structures and physicochemical properties®®®. In addition to these materials,
oxidic perovskites can be a hot topic for lead replacement studies in the optoelectronics
field. There have been some reports regarding their suitable optical properties for
optoelectronic application®>*®, Table 1.1. shows the list of some emerging lead-free

materials, their respective band gap values.
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Table 1.1.Lead replacement by the elements and the resultant perovskite materials.

Perovskite Crystal structure Energy Reference
band gap
(eV)
CH3NH3SnBr3 Pseudocubic (P4mm) 2.15-2.2 157
CsSnls Orthorhombic 1.27-1.31 %88
CH(NH2)2Snls Orthorhombic (Amm2) 14141 %%
CsGels Trigonal (R3m) 1.53-1.63  3766-70
CHsNHsGels Trigonal (R3m) 1.9-2.0 87,66,69
CHsNHsMgls Tetragonal 1.5 .
CsMgls Orthorhombic 1.7 ®
CH3NHsCals Tetragonal/pseudo- 295,378 L2
orthorhombic
CH3NHsSrl3 Tetragonal 3.6 n
CHsNHsBals Tetragonal 3.3 n
(CH3NH3)2CuCl,Br,  Orthorhombic (Acam) 2.12 3
CuBils Cubic 1.81 7
Rb3Sh,Brg Trigonal (P 3~ m1) 2.48 s
Cs3Bizlg Hexagonal (P6s/mmc) 1.8-2.2 49,75,76
CsyTels Fm 3-m 152-1.59 7
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1.4. Bismuth-based perovskite materials

Bismuth is the 83™ element in the periodic table and gets often confused with lead
(Pb) and tin (Sn). The word bismuth originated from the German word ‘wismuth’ means
white mass’’. Bismuth is receiving quite good interest as a Pb replacement material.
Various factors make them attractive, such as the trivalent metal cation, Bi®* isoelectronic
to Pb?’® Also, Bi** has similar electronegativity as Pb?*. For example, the
electronegativity of Bi®* is 2.02 whereas Pb?* is 2.33. In addition to these, the ionic radii
of both metal cations are comparable values, i.e., 103 pm for Bi* and 119 pm for Pb?*"*-
811t may help the easy incorporation into the perovskite crystal structure. Figure 1.7.

shows a schematic representation for using Bi®* in the lead-replacement.

Figure 1.7. Schematic representation for using Bi®* in the lead-replacement.

Besides, bismuth is a promising stable metal cation when compared to Sn?* and
Ge?* because both get easily oxidized under ambient atmospheric conditions. Thus, Bi®*
is one of the promising candidates for a lead-free mission. There is a wide variety of
bismuth halide perovskites which range from zero-dimensional dimer units, one
dimensional, two-dimensional up to three-dimensional double perovskites structure®.
Due to different valence states trivalent bismuth cation cannot directly replace the divalent

11
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lead cation. For example, when it is combined with monovalent metal cations such as Cu,
Ag, and Au double perovskites (example, Cs2BiAgCle and Cs2BiAgBre) can be formed.
These materials have shown electronic properties similar to lead-based perovskites and
considerable stability towards heat and moisture with appreciable bandgap values in the

visible range®2,

Regarding optoelectronic applications, (CH3NHzs)3Biz2lo is the well-studied
bismuth halide perovskite material. This material is an environmentally promising
semiconductor and stable under ambient atmospheric conditions and humidity®*. In 2016,
Johansson et al. successfully synthesized and fabricated CssBizlo or MA3Biz2lg PV
devices®. Interestingly, Lehner et al. experimentally and computationally investigated the
all-inorganic bismuth iodide perovskites AsBizlo(A = K, Rb, Cs). They found that from
the calculated band structures, the K and Rb based perovskites are direct bandgap
semiconductors whereas Cs-based perovskites are indirect bandgap semiconductors®?.
Thus, a large number of studies are going on the bismuth-based light absorbing materials.
lodo-bismuthates are among them. Their high solubility at room temperature and
attractive electrical and optical properties find them a position among the perovskite
family®®’. The tuning of optical and electrical properties of the iodo-bismuthates is
achieved by adding monovalent metal cations like Ag and Cu into their structure to form
Ag-Bi-I and Cu-Bi-1 perovskites. In 1991, Fourcroy et al. first reported the CuBils phase®®.
In 2016, Kim et al. were the first ones to report the PV device-based on silver bismuth
iodide with PCE of 1.22%%. Table 1.2 shows various Ag-Bi-1 and Cu-Bi-1 perovskites

and their bandgap values.

Table 1.2. Bismuth based perovskites by addition of silver and copper metal cations into

the iodo-bismuthate system and resultant perovskite materials.

Material Crystal structure  Band gap (V) References
AgBizl7 Cubic 1.87 89
Ag2Bils Hexagonal 1.85 %
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AgsBils Trigonal 1.79-1.83 o
Ag3BilxSex Hexagonal 1.84-1.89 92
AgBil4 Cubic (Fd3m) 1.8 9
Ag:Bisli1 Cubic (Fd3m) 1.8 %4
AgsBislig Rhombohedral 1.8 94
Cs2AgBICls Cubic (Fd3m) 2.77 i
Cs2AgBiBrs Cubic (Fd3m) 2.19 76
CuBils Cubic (Fd3m) 1.81-2.67 7495

1.5. The photodetector device

Photodetectors are devices that convert the incident light energy into electrical
signals through the photoelectric phenomenon. In this era, photodetectors have made their
signature in the various scientific and industrial applications such as chemical/biological
sensing, imaging and environmental monitoring®®®’. Their remarkability makes them
useful in various fields, mainly operating in the IR region. Further, their applicability has
spread over different areas, such as military, detection of a target, space, medical imaging,
remote control, communication, and industry automation control®®%°, A photodetector's
performance can be boosted by choosing appropriate semiconducting materials with high
carrier mobility and absorption coefficient'®®. These properties ensure significant
absorption of light by the material and thereby the resulting higher amount of
photocurrent. Semiconductor photodetectors are intensively used in the optical
communication system. Primary photodetectors are based on inorganic semiconducting
materials like Si, GaN and InGaAs'®*. These traditional photodetectors have some
limitations like manufacturing complexity, high cost, lack of mechanical flexibility, and
high driving voltage, making them unattractive for industrial applications'®?. As
mentioned earlier, perovskite materials have good optoelectronic properties, low cost, and
easy fabrication process, and this makes them grab more attention for perovskites-based

optoelectronic applications. They have large absorption coefficient values over the
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wavelength ranges from 300-800 nm (UV-Vis-IR), making them applicable for broadband

photodetection®®®,

In general, photodetectors are wavelength-specific devices, i.e., the device works
over the specific wavelength region, depending on its bandgap. Thus, absorption
coefficient (o) of the semiconductor material is an important factor for a photodetector.
The absorption coefficient is the factor that determines the penetration depth of incident
radiation into the device. According to Beer Lambert's law, the absorption coefficient and
the penetration depth are inversely proportional to each other. Thus, if materials have
larger a, the absorption will be close to the material surface, whereas, materials with small
a most of the incident photons will pass through without absorption. Another critical
factor that affects a photodetector's performance is its response time, especially when the
incident light is in the form of pulses. There are three main steps involved in the
conversion of light to electricity by a photodetector. The first step is the photon absorption
and generation of carriers when radiation is incident on the semiconductor. The second
step is the transportation of photogenerated charge carriers to the metal electrodes. The
last step is to extract photo-generated charge carriers in the form of electric current to the
external circuit. In general, while choosing the metal contacts, it should be noted that the
work function of the metal (¢m) should be closer to the work function of the
semiconductor(ps) and the work function of the metal electrodes must be higher than the
electron affinity of the respective semiconductor (ys). The schematic diagram of a

photodetector is shown in Figure 1.8.

Metal electrodgs j

”v‘ .
> Semiconductor
material

Figure 1.8. Schematic diagram of a basic photodetector.
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A good functioning photodetector possesses specific key parameters such as high
responsivity, high sensitivity, narrow spectral selectivity, high detectivity, high photon to
current conversion efficiency, fast response time, etc. Responsivity is defined as the
amount of photocurrent generated per unit area per unit light intensity. If lg is the dark
current, Iy is the photocurrent, L, is the intensity of the incident light and S is the effective
area of illumination, then we can calculate the responsivity using the following

equation%,

Iught'_ Idark
R = ——mm 3
IS (3)

Another factor is the sensitivity which can be given by the equation'®,

Liignt — laark

S% = x 100 4)

Idark

The next factor is the external quantum efficiency of the photodetector device. It can be
defined as the ratio between the number of charge carriers collected by the photodetector
and the number of incident photons and is given by the following equation*®®,

Rhc

where R is the responsivity, h is the Plank's constant, c is the velocity of light in vacuum,

e is the charge of an electron and A is the wavelength of the incident light.

Specific detectivity is another most important factor for a photodetector which is defined
as the measure of least detectable radiant power or in another word its ability to detect the

weakest light signal and is given by the equation'®,

VAB e AWAEQE

D = = 6
NEP ACingise (6)

The fast response speed is an attractive feature of a photodetector. The response speed
measures its rise time (tr) and fall time (tf) response to an optical signal, which can be

defined as the time between 10% and 90% of the maximum value of photocurrent. The
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response speed is strongly related to the photogenerated charge carrier collection and
transport. Small electrode spacing helps to have a fast response, and it ensures sufficient

light absorption with a small amount of leakage current®’,

1.6. Principle of operation

In semiconducting materials, the photodetection process is based on a general
principle of the generation of electron/hole pairs under light illumination. When a
semiconducting material is illuminated with radiation, and if the incident photons have
energy greater than or equal to the bandgap of the semiconductor, the photons will be
absorbed by the material. As a result, the absorbed photons promote electrons to jump
from the valence band to the conduction band and we can say that the electrons are in the
excited state. They can act as free electrons and free to travel through the crystal structures
under the influence of an externally applied electric field. In addition to the flow of free
electrons in the conduction band, the holes left in the valence band also contribute to the
current by moving from one state to another. Thus, the current generated by the electron-
hole pairs through the absorption of light is named as ‘photocurrent,” which is directly
proportional to incident light intensity%,

Based on the nature of the applied electric field, there are two photodetectors
classes: ‘‘photoconductors and photovoltaic detectors.”” The photoconductors consist of a
single layer of semiconducting material with two ohmic contacts. When a bias voltage is
applied at the electrode ends, an electric field is generated, leading to the generation and
collection of charge carriers. The photo-detecting devices are photoconductors,
photodiodes, and phototransistors. Figure 1.9 shows the diagram of a photo-conducting
device. Here, the device consists of a single layer of semiconductor with ohmic contact at
both ends. A fixed bias voltage Vg, applied between the contacts generates a current (bias
current) Ig. This bias current flows through the semiconductor material by obeying Ohm’s
law. The light active surface is formed between the two electrodes. When it is illuminated
with light, the photogenerated carriers produce photocurrent. This current adds to the bias
current under the presence of the electric field, leading to an increase in the conductivity

of the devicel®.
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/ W Ohmic contacts

Figure 1.9. Schematic diagram and working of a photo-conducting device when incident

light photon of energy /v is absorbed by the material.

When a metal is in contact with the semiconductor material, electron transfer
occurs from the semiconductor to the metal. In general, while choosing the metal contacts,
it should be noted that the metal's work function (¢m) should be closer to the work function
of the semiconductor(gps) and the work function of the metal must be greater than the
electron affinity (xs) of the semiconductor. Figure 1.10 shows the energy level diagram

when a metal is in contact with the semiconductor.

Metal Semiconductor
a= == =- __7_-E\'L
& - |
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Figure 1.10. Energy level diagram when a metal is in contact with the semiconductor in

thermal equilibrium.
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In thermal equilibrium, the Fermi levels of the metal and semiconductor are
equalized, and electron transfer occurs. As a result, a depletion region is formed at the
metal-semiconductor junction. Its space charge region depends on the type of
semiconductor, whether it is p-type or n-type. Thus, in equilibrium there is an intrinsic
electric field at the metal-semiconductor junction. When it is illuminated, electron-hole
pairs are generated in the depletion region. Two factors affect a photodetector's
performance, and they are separation and transport of photogenerated charge carriers. The
phenomenon of generation of photo-excited charge carriers in the depletion region

separated by the electric field leads to photocurrent!*°.

1.7. Perovskites based photodetectors

Silicon, germanium, and gallium arsenide are the most studied materials for
different optoelectronic applications. They have been explored widely for photodetector
applications too, but high manufacturing cost, complexity, less-flexibility, and necessity
of high applied voltage limit their applicability on a large-scale. Besides, for the detection
of feeble signals, these traditional photodetectors demand low temperature!!!. Thus, it is
essential to find alternative materials with high absorption in the Vis-NIR region, low cost,
solution processability, high sensitivity and detection of signals in the broad spectrum.
Many organic materials, nanocomposites and nanoparticles have shown significant
performance for photodetection purposes'?14. The low charge-carrier mobility of these
active layers hinders the overall performance of the device!®.

Thus, the organic-inorganic perovskite materials have been explored and made
their fingerprint in the optoelectronics field with their outstanding performances. The high
charge carrier mobility, absorption coefficient, low cost, low-temperature solution
processability, simplicity in device fabrication, flexibility properties, etc., warmly
welcomed them to photodetector application world**6. For example, the perovskites' large
absorption coefficient is =~ 10° cm™ and can absorb light efficiently in the Vis-NIR region.
As a result, only a thin layer of material is needed for photon absorption. Thus, the photo
excitons need to travel only a short distance resulting in the fast response of the device.
Also, fast electron-hole separation, low recombination rate and high charge mobility

properties of the hybrid inorganic perovskites are similar to inorganic semiconductors
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(e.g. Si). All these qualities make them very attractive for sensing, photodetection and
other optoelectronic applications. Table 1.3. shows a list of perovskite materials, their

deposition method, and the sensing wavelength.

Table 1.3. Perovskites used for photodetector application.

Perovskite Deposition methodology Sensing Reference

wavelength of

illumination

Qi)

CH3NH3Pbls Drop casting 310-780 17
CH3NH3PbCls Inverse temperature crystallization 365 118
CH3NH3PbBr3 Antisolvent vapor-assisted 380-600 19
crystallization
CsPbBrs3 Inverse temperature crystallization 410-570 120
Cs3Bi2leBr3 Spin coating 300-600 121
Cs3Bizlg Spin coating 450-950 122
CsBisl1o Spin coating 650 123
MA;Bi2lg Spin coating 400-700 124
Ag2Bis Spin coating 350-800 125
Cs2AgBiBrs Spin coating 510-900 126
CssCuzls Spin coating 300-370 127
CH3NHsSnl; Thermal evaporation 900 128
(CH3NH3)3Sbzlg Drop casting 460 129
(AG3Bi2lo) Spin coating 405-700 130
AgBils Spin coating UV 390 131
Ag:Bils Spin coating UV 390 131
AgBizl; Spin coating UV 390 131
(H2MDAP)BII5 Slow evaporation X-Ray 182
Cs2AgSbXs (X= Surfactant assisted method 325 133

Cl,Brorl)
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MA3Bi:lg Seed-crystal-assisted X-Ray 134
constant - temperature

evaporation method

As mentioned earlier, recent works related to iodobismuthates gave birth to new
promising materials such as silver bismuth iodides(SBIs) and copper bismuth iodides
(CBIs). As a new family of compounds, the silver bismuth iodides are AgsBils, Ag2Bils,
AgBils, and AgBizl7, which are formed on the basis of the variation in the Agl and Bils
ratio. The first photovoltaic device of this new class of compounds is employed on AgBi.l7
perovskite by Sargent et al. in 2015, where they obtained a PCE 0 1.22% for the best
cell®®. Their work motivated others to focus more on these lead-free SBIs. In this thesis,
a lot of efforts have been invested in understanding the structure, phase, morphology,
elemental composition and optoelectronic properties of silver bismuth and copper bismuth
halide perovskites. Also, the optimization of the experimental conditions for copper
bismuth iodide perovskite is the hard-core part of the thesis because no reports related to
the CuzBils perovskite have been available so far. Many investigations based on the silver
bismuth iodide perovskites have been reported. In 2016, Zhu et al. synthesized Ag2Bils
by varying Agl, Bils ratio and investigated its effect on their photovoltaic properties and
reported a PCE of 2.1%%. In 2017, Harry et al. prepared silver deficient AgBils cubic-
defect spinel structure with an indirect bandgap of 1.63 eV. Later, Turkevych et al. carried
out systematic structural and optoelectronic properties studies of these SBIs where they
concluded that the Agl rich compound, AgsBils is the most attractive light absorber with
a PCE of 4.3%'%®, It indicates that the SBI compounds are promising light absorber
materials since their PCE jumped from 1.22 to 4.3%. During this rapid development of
silver bismuth iodides, copper also grabs more attention as an alternative to Pb. Like Pb,
Cu is a divalent cation, which is abundant on the earth. Its non-toxic behavior and high
charge mobility grab its novelty in the replacement of lead*>1®. It leads to the formation
of another class of iodobismuthates: Cu-Bi-1. In 2018, Zhaosheng et al. synthesized a new
compound, CuBils by solution processing method. In their study, Cul and Bils powders
were dissolved in DMA solvent and HI acid which was then spin coated and annealed at
low temperature. They obtained a wide bandgap value of 2.67 eV with a cell efficiency of
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0.88%%. So far now, no reports have been published for the Cu,Bils perovskite. Thus,
silver and copper bismuth halide perovskites are potential candidates for optoelectronic

and solar energy harvesting applications.

1.8. Hypothesis

Highly stable silver bismuth and copper bismuth halide perovskites with varying optical
and electrical properties are formed by combining spin coating and thermal evaporation

methods and post-deposition treatments.

1.9. General Objective

The general objective is to develop silver bismuth iodide and copper bismuth iodide

perovskite thin films for optoelectronic applications.

1.10. Specific objectives
Specific objectives of the study are to,

e Synthesize silver iodide and bismuth iodide (Agl and Bils) powders.

e Fabricate Bils, Agl and Cul thin films and develop a photodetector device based
on Bils.

e Fabricate antimony iodide (Sbls) thin films and investigate the effect of iodization
time, Sh,S3 deposition times on its properties.

e Develop a photodetector device based on Sbls.

e Fabricate silver bismuth iodide (SBI) and copper bismuth iodide (CBI) perovskite
thin films.

o Investigate the effect of precursor concentrations and annealing temperature on the
properties of the perovskites.

e Evaluate the structure, morphology, elemental composition and optoelectronic
properties of SBI and CBI perovskite thin films.

e Develop photodetector devices based on SBI and CBI perovskites.

e Investigate the stability of perovskites under ambient air and light irradiation.
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1.11. Justification

Semiconductor optoelectronic devices have become a part of our daily life. Lead-based-
perovskite devices have been used for the optoelectronic applications due to their
remarkable optoelectronic properties. When considering the toxicity and impact on the
environment, lead must be replaced by non-toxic elements. Thus, many semiconductor
materials have been explored and there comes the role of bismuth. Bismuth has similar
optoelectronic properties of lead. This facilitates the consideration of bismuth as a suitable
candidate for optoelectronic applications. Further, it is more stable and less toxic
compared to lead. The perovskites based on iodobismuthates have shown considerable
attention within a short period. Their optoelectronic properties can be easily tunable by
introducing metal cations into its crystal structure. This study focuses on the synthesis and
characterization of silver bismuth iodide and copper bismuth iodide perovskite thin films
for the optoelectronic applications.
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Chapter 2

Experimental methods

This chapter describes all the experimental techniques used and the procedures followed
to synthesize precursor powders, their films and perovskite films. For the fabrication of
thin films, we used spin coating, thermal evaporation, and chemical bath deposition
methods. For the structure, morphology, elemental composition, and optoelectronic
properties studies X-Ray diffraction (XRD), Raman spectroscopy, Scanning electron
microscopy (SEM), Energy dispersive X-Ray spectroscopy (EDS), X-Ray photoelectron
spectroscopy (XPS), UV-Vis-NIR spectroscopy are used. A detailed discussion about the

characterization techniques used is summarized.

2.1. Precursor material synthesis
2.1.1. Bismuth iodide (Bils)

Bilz powder was prepared in our laboratory by coprecipitation method. For that,
we used salts of Bi(NOz)3-5H.O (Fermont 99.0 %), and KI (Fisher chemical 99.2%).
Using a filter paper, the precipitate of bismuth iodide was filtered and washed using
deionized water. The filtered precipitate was heated at 120 °C for 1 h in a furnace and
dried overnight. Dark brownish powder of bismuth iodide was crushed, powdered finely,

and stored in a vacuum desiccator for future purposes.

2.1.2. Silver iodide (Agl)

Silver iodide power was synthesized using the salts of AgNOz (Fermont 99.1%)
and KI (Fisher chemical 99.2%). Co-precipitation method was employed for the
preparation of powder. Agl powder with light yellow color was formed as precipitate and

it was heated in a furnace at 120 °C for 1 h to remove the water content.
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2.2. Synthesis of binary iodide thin films and perovskite thin films

2.2.1. Bismuth iodide (Bils) thin film

Bilz thin film was prepared by spin coating Bils solution on the well-cleaned glass
substrates. For this, Bils powder was first subjected for heating in a furnace at 120 °C for
30 minutes. This process helped to get uniform thick films since the heating removed the
moisture present in precursor powder. Bils solution was prepared by dissolving Bils
powder of 1 M concentration in dimethylformamide (DMF, Fermont 99.9%) (of volume
8 ml) using a continuous stirring system. Once the solution was mixed well in the solvent,
it was heated at 70 °C for 1 h. After that spin-coating was done (4000 rpm for 30 s) on the
premium glass substrate. Annealing was carried out at a temperature of 140 °C (30

minutes, sealed at 100 mTorr).
2.2.2. Antimony iodide (Sbls) thin film

Sbls thin films were fabricated by the iodization of chemically deposited antimony
sulfide!3"138 thin films (Sb2Ss). For the preparation of Sh,Sz thin film, 0.325 g of antimony
chloride (SbCls) was weighed in a glass beaker and dissolved in 1.2 mL acetone
(CH3COCHS3). Into that, 12.5 mL of sodium thiosulfate (Na2S203.5H20,99.99%, 1M) and
32.5 mL of deionized water were added one after another and stirred well. The whole
solution was poured into a glass beaker. Then, well-cleaned glass substrates were kept
vertically into the whole solution. The deposition temperature of bath was kept at 25 °C
and deposition was done for different durations like 30 min, 1 and 2 h. After that, these
Sh>Ss thin films were iodinated for 30, 60, 90, 120, 150 s, and 5 min by exposing them to
iodine vapor (iodine powder (1 g) heated at 100 °C). Schematic representation for the

fabrication of Sbls thin films has given in Figure 2.1.
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Sbl; films

Figure 2.1. Schematic representation for the fabrication of Sbls thin films by rapid

iodization process.
2.2.3. Copper iodide and silver iodide (Cul and Agl) thin films

A two-step method was employed for the fabrication of Cul and Agl thin films. Copper
and silver of various thickness were evaporated individually on cleaned glass substrates
by thermal evaporation method. These metallic thin films were subjected to iodization by
enclosing them in a closed chamber containing iodine vapor. A vacuum thermal
evaporator (Torr International, model number THE2-2.5 kW-TP) is used to fabricate
silver/copper thin films using silver/copper wire of 99.99% purity. Perfectly cleaned glass
substrates were fixed on the sample holder of the thermal evaporator equipment. We did
the evaporation under a high vacuum of the order of 10° Torr. Substrate rotation of 20
rpm was used during the thin film deposition process, and the film deposition rate was 20
AJs. lodization was done at 100 °C (60 s) for various Ag/Cu thicknesses (10, 50, 80, and
100 nm). The reaction mechanism is explained using the following solid-gas type

chemical reaction,
2 M(solid ) + I,(gas) — 2 MI(solid)

Where M is the respective metal.

25



CHAPTERZ2 [/ EXPERIMENTAL METHODS

2.2.4. Silver bismuth iodide (Ag2Bils) thin film

Silver bismuth iodide (Ag2Bils) was synthesized using bismuth iodide and silver
iodide powders that we already synthesized in our laboratory. Solution processing method
was employed where we varied the Bilz concentrations from 0.45 to 1 M, keeping the Agl
concentration as a constant (1M). Spin coating solution was prepared by two steps. Firstly,
the precursor powders of all molar concentrations were mixed well and heated in an air
furnace at 120 °C for 15 minutes to remove excess water content. In the second step Agl
and Bils powder mixture was dissolved in dimethylformamide (DMF, 8 ml). For that the
solutions were subjected to continuous heating and stirring. Heating of the solution was
done at 70 °C for 1 h in an open atmospheric condition. The experiment was done under
ambient conditions. After that, the solution was taken in a micropipette and spin-coated
(4000 rpm for 30 s) on the glass substrates in ambient air followed by heat treatment at
140 °C for 0.5 h (sealed at 100 mTorr). The fabrication of SBI perovskite thin films are

schematically represented in Figure 2.2.

Annealed films for As prepared fllms& R

Illli—“‘llll-

1:0.45 1:0.75 1:0.95 1:1 1:0.45 1:0.75 1:0.95

-

Figure 2.2. Schematic representation for the synthesis of silver bismuth iodide films by

solution processing spin coating method.
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2.2.5. Copper bismuth iodide (Cu2Bils) thin film

Copper bismuth iodide films were deposited using spin coating followed by
thermal evaporation method. We incorporated Cu into spin coated Bilz thin film via
thermal evaporation method. For that copper of varying thicknesses (10, 50, 80, and 100
nm) were deposited onto the spin coated bismuth iodide thin film (which was synthesized
as explained in section 2.2.1). Copper deposited bismuth iodide films were annealed at

100 °C for 30 min (sealed at 100 mTorr). Films were taken out at room temperature.

2.3. Thin film deposition techniques:
2.3.1. Spin coating method

Spin coating is one of the simplest and dominant methods for the fabrication of
uniform films with thickness ranging from nanometers to micrometers. Emil et al. were
the first who performed spin coating more than fifty years ago where they considered the
spreading of Newtonian fluid on a planar substrate rotating with a constant angular
velocity. Spin coating was first done for the coating of paint and pitch'®, It starts with the
dilution of the desirable material that must be coated in the appropriate solvent. The
solution is then spread over the entire surface of the desired substrate. There are four stages
involved in the spin coating process for the fabrication of thin films and are illustrated in

Figure 2.3. The stages are,

e Fluid dispenses
e spin-up
e stable fluid outflow

e evaporation

After spreading the solution, the substrate spun at high speed. Most of the experiments
involve the deposition of a few drops of fluid onto the center of a substrate followed by
spinning the substrate at high speed typically around 3000 rpm. The centrifugal force
causes the solution to flow radially outward. Because of the viscous force and surface
tension, the thin film is retained on the flat substrate. The outward liquid flow and

evaporations cause the films to be thin. Various factors affect the thickness of the film:

27



CHAPTERZ2 [/ EXPERIMENTAL METHODS

spinning speed, surface tension, dispense volume, solution concentration, spinning time,
and viscosity of the solution. The properties of film can be achieved by varying different
parameters involved in the spin process. Stages three and four have the most impact on
the final thickness of the thin films and are briefly described below.

Deposition

In this stage, the fluid dispenses over the substrate and the substrate is accelerated to

desired speed. The centrifugal force causes the solution to spread over the substrate.
Spin up

Spin up is the second stage when the substrate is accelerated up to the desired rotation
speed. In this stage the fluid is expulsed from the substrate surface due to the rotational
motion. Spiral vortices may be present in this stage. It occurs due to the twisting movement
caused by the inertia at the top of the liquid during the substrate rotation at a higher speed.
Eventually, the fluid becomes thin which would be enough to corotate with the substrate.
Finally, the substrate arrives at the desired speed and the liquid becomes thin enough so
that viscous shear drag balances the rotational accelerations.

Stable fluid outflow

In the third stage of spin coating process, the substrate spins at a constant rate. This is the
stage at which the gradual thinning of fluid takes place. Even if the solution contains
volatile solvents the fluid thinning is relatively uniform, and one can see interference
colors spinning off. Also, often one can see edge effects because the fluid uniformly flows
toward the outward direction but there would be droplets at the edge. Thus, due to this
reason, there may be a small thickness difference around the rim of the final substrate, and

this depends on the surface tension, viscosity, rotation rate, etc.
Evaporation

Once the spinning off stage is over, the drying stage starts. In this stage, the centrifugal
outflows stop, and solvent loss leads to further shrinkage. This leads to the formation of a
thin film on the substrate. During this stage, solvent evaporation takes place because of

the spinning of the substrate at a constant rate. The rate of evaporation depends on the
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chemical potential of each solvent species between the bulk gas that flows nearby and the
free surface of the fluid layer. During the evaporation process, dissolved species in the
solvent may grow. Thus, to get a solid skin one should concentrate on the high viscous

liquid.

S
-

— T

Deposition Spin up Spin off Evaporation

Figure 2.3. Different stages involved in spin coating process.

Like any other method, spin coating has advantages as well as disadvantages. One
of the most significant benefits is effortless, fast, economical and no need for coupled
process variables. The film's thickness is easily varied by changing the spin coating
parameters such as viscosity, spinning time, spin speed, etc. If the film has become
completely uniform, then it can remain so during the entire process. This technique can
be considered one of the popular methods because a lot of information is available about
the subject. As the substrate size increases, it is complicated to spin to get a uniform thin
film. One of the disadvantages is materials wastage because only 2-5% of material is
utilized for the film synthesis and the rest of 98-95% is wasted during the spinning process.

2.3.2. Thermal evaporation method

The thermal evaporation method is one of the physical vapor deposition techniques
(PVD). This technique is used to deposit thin films wherein a vacuum technology is used
for the deposition of pure materials over the surface of the substrate or different materials.

The resultant coatings are called films, which can be of the order of micrometers to
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angstrom. They can be coated with a single material or a mix of materials as a double
layer. Materials used for coatings in the thermal evaporation technigue can be pure metals,
non-metals, or molecules such as oxides and nitrides. The thermal evaporation process
involves heating the desired solid material under high vacuum at high temperature. As a
result, some vapor pressure is created inside the chamber. Relatively low vapor pressure
can make a vapor cloud inside the chamber under vacuum. As a result, evaporated material
forms a stream of vapor and it goes to every corner of the chamber. Then, it reaches the
substrate and gets deposited onto it as a film. In the thermal evaporation process, material
that must be coated on the substrate is heated to its melting point and turns into liquid
form. Hence the material holder is always designed at the bottom of the chamber. Sample

holder is always facing down towards the heated source material to receive the coating.

It is possible to control the film thickness by assigning programs to the equipment
(evaporation rates or using thickness sensors/monitors (quartz crystals)). Films with
uniformity are one of the significant advantages of this method. Filament evaporation is a
simple method of resistive heating of the filament for the melting of source material. It
can have various physical configurations and often called boats. These boats are made of
suitable metals with high melting points (tungsten, tantalum, molybdenum etc.), and the
source material is placed on these boats for coating purposes. These filament boats offer
safety for working at low voltages even though the current is high. Figure 2.4 shows a

basic schematic of the thermal evaporation process.

é_ — Substrate holder
Evaporation plume «— _\ I /
bl
Thermal filament — Source shutter
source material

Vacuum pump

Filament
Transformer

Figure 2.4. Schematic diagram of a thermal evaporator.
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2.3.3.  Chemical bath deposition (CBD) method

In a chemical bath deposition system, well-cleaned substrates are immersed in the
precursor solution. Two processes that take place in chemical bath deposition and they are
nucleation and film growth. Different parameters affect the deposition process are
deposition duration, the temperature of the bath, pH of the precursor solution, and

molarity.

2.4. Device fabrication

The photodetector device was fabricated on glass substrates. For that, the material
was deposited first, and then Ag electrodes were painted as metal contacts. The
photodetectors were illuminated with different wavelengths of LEDs of power 50 W and

tungsten lamp at a given bias voltage.

2.5. Characterization techniques

2.5.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is used for determining the crystal structure of materials.
The wavelength of X-ray is comparable with the interplanar distance of a crystal. When
an incident beam of X-rays interacts with a sample, it will be scattered in different
directions. Atoms in the crystal planes act as a periodic array of coherent scattering
centers. As a result, diffraction occurs and the diffraction pattern contains information
about the atomic arrangement within the crystal. Bragg's law explains X-Ray diffraction

in crystalline materials and it can be written as,
nA = 2dnkiSin0 (7)

where A is the wavelength of incident X-rays, n is an integer, dnk is the interplanar distance
between the hkl planes and 0 is the angle of incidence?. When two parallel rays of X-
rays incident on the sample and diffracted, they interfere constructively and their path
difference must be equal to integral multiple of the wavelength. According to Bragg’s law,

as the interplanar distance varies, the incidence angle also varies for a constant
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wavelength. In the XRD pattern, peak intensities are corresponding to the respective
atomic positions. From the XRD pattern, one can calculate the crystallite size using the

Scherrer equation, which is given by,

D 0.914 8
~ BCosh ®

where D is the crystallite size and 3 is the full-width half maximum of the peak (FWHM).
In this work, X-ray diffraction patterns of the samples were recorded in the normal mode
in the range of 20 = 10-60° by using Empyrean PANalytical diffractometer (Cu-Ka
radiation with wavelength, A=1.54056 A). The XRD patterns were compared with the
standard JCPDS files and crystal structures were determined.

2.5.2. Raman spectroscopy

Raman spectroscopy is based on the Raman effect. When a particle is irradiated
with a frequency, the radiation will be scattered by the molecule. It contains the incident
photons with the same frequency and other frequency components whose frequency is
shifted from that of the incident radiation. In every detail, the scattered light consists of a
very strong beam which has the same frequency as the incident light (elastically scattered
photons) and the process is called Rayleigh scattering. The other process is called Raman
scattering which is composed of the weakest signal and has a frequency greater than or
less than that of the incident light (inelastically scattered photons). We measure the
vibrational frequency which has the shift from that of incident light’s frequency. Thus,
Raman spectra give a detailed information about the molecular vibrations, structure, and
phases present in a sample!*!. All the Raman spectra were collected using Thermo
Scientific DXR™ 2 Raman Microscope employed with a 532 nm laser wavelength of

excitation. The data were collected from the wavenumbers ranging from 20-1500 cm™.

2.5.3. Scanning electron microscopy (SEM)

SEM is used for getting information about the surface morphology, topographical
and compositional studies (EDS associated with SEM) of materials. It uses a focused beam

of high-energy electrons to extract information from the sample. When a beam of electrons
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interacts with the sample, two types of interactions occur between the electrons and
samples under scanning, they are elastic and inelastic interactions. Backscattered
electrons (BSE) are produced when the incident electrons interact with electrons with
comparable energy. Thus, BSE are due to the elastic interaction since electrons bounce
back to their origin and retain their initial energy. When the electrons incident on the
sample, they get decelerated and the energy is dissipated as various kinds of signals. These
signals give various information about the sample under analysis. For example, secondary
electrons which produce the SEM images (showing the morphology and topography of
samples), backscattered electrons which illustrates the contrast in composition for
multiphase samples. Here heavier elements appear as bright since they produce more BSE
and lighter elements appear as dark. The inelastic collision of incident electrons with the
electrons in the discrete shells of the atoms in the sample causes the generation of X-rays.
SEM with EDS (energy dispersive X-ray spectroscopy) has been used in this work. EDS
helps for elemental identification and composition by recording the characteristic X-rays
of the specimen. Because each element has its characteristic X-rays and thus it can be
differentiated. It helps to measure the concentration of constituent elements in a
specimen®*2, In this work, the surface morphology of the samples was characterized using
field emission scanning electron microscopy (FESEM) (Hitachi SU 8020) with different
magnifications. Conductive silver colloid (silver paint) was used as contacts between the
sample surface and the holder to get good-quality images and reduce sample charging

effects.

2.5.4. X-ray photoelectron spectroscopy (XPS)

The basic operation principle behind the functioning of XPS is the photoelectric
effect (the emission of electrons when the sample is irradiated with light). The
photoelectric effect was explained by Einstein where the light consists of small packets of
energy called photons. Each photon has energy hv, where h is the Planck constant and v
is the frequency of radiation. The emission of electrons upon the irradiation of light is
called ‘photoelectric effect” and the electrons are called photoelectrons. The emission of
electrons occurs only when it gets enough energy which is higher than the work function

(¢). The photoelectrons kinetic energy is given by the following equation,
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KE =hv—BE — ¢ 9
where BE is the binding energy.

The XPS spectra are composed of intensity of photoelectrons detected versus binding
energy and the BE values decrease from left to right. The signals from the core levels
preserve their original binding energy values. The other inelastically collide electrons
gives the background. An increase in the background with an increase in binding energy
values results in lowering the signal to noise ratio. In XPS, it maps only the binding energy
difference between the initial and final states, and it does not map any energies
corresponding to the initial stage.

XPS analysis is widely used for getting information such as bonding nature and
composition at the surface and interfaces. It is achieved by analyzing the compound's
chemical environment and studying the shift in the core level electron binding energy,
usually the term used for this is 'chemical shift.' VVarious approaches have been applied to
measure the binding energy (BE) of a well-defined peak. A basic correction is applied to
the peak. The most popular BE correction is adventitious carbon correction where C1s
(284.6 eV) is used as the basic reference. The Fermi level edge must be at 0 eV with the
BE scale so that there is good contact between the sample and the spectrometer. In other
words, the Fermi level of the sample and the spectrometer should be in alignment, i.e.,
they should share a common Fermi level which becomes a natural reference level. It is
possible only if there is enough density of states in the Fermi level of the sample then only
sufficient charge transfer can occur. This is a serious problem for semiconductors and
insulators because the deficiency of density of states at their Fermi level makes hard to
predict whether the Fermi levels are aligned or not. Another issue is when the electrons
leave the sample surface due to the photoexcitation, the holes must be refilled with
negative charge otherwise the charge neutrality cannot be maintained, and this leading to
the phenomenon of ‘charging.” The charging effect causes all the core level BE shifted to

higher BE values'®,

In XPS analysis, there is a notation that gives the core level signals and has the

form, “X nlj”. Here, X denotes the element, n denotes the principal quantum number, | is
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the angular momentum quantum number, and j is the total angular momentum quantum
number, which can be written as the sum of orbital quantum number and spin quantum
number, i.e, ] = | £ s. When | >1, the core levels of spin split doublets have of the form,
Pai2-P1/2, dsi2-dar, f712-f52. Based on the degeneracy of each electronic level given by 2j+1,
the spin split doublets have their theoretical area ratios in the order 2:1, 3:2, and 4:3 for p,
d, and f levels. The binding energy difference between these doublets denoted by ABE
varies from a fraction of eV to several eV and depends on the radius of the respective
orbital. In general, for a constant value of n and | the ABE increases with an atomic number
for a given subshell and decreases as | increase for a given shell. Depending on the
chemical environment, the binding energy and the area ratios are not constant for a given

element. It varies for each element and depends on the nature of the chemical environment.

XPS is a fingerprint technique because each element has its own unique
characteristic core level spectra. In the case of elemental analysis, to get all the species
present in the sample, a survey spectrum is used. By performing high-resolution scans at
the narrow region, we get the core level signals of the element under consideration. The
width of the peak is not constant, and it varies from one element to another. The
distribution of constituent elements till the depth of a sample can be studied from the depth
profile analysis. In the depth profile analysis, the surface of the sample is etched using
argon ions in each cycle of the etching process. Thus, the composition and uniformity of
the sample can be studied from the analysis. In this work, the elemental composition and
their chemical states were analyzed using X-Ray Photoelectron Spectrometer, Thermo

scientific K-Alpha having a monochromatic X-ray source of Al-Ka (E=1486.68 eV).

2.5.5. UV-Vis/NIR spectroscopy

The optical properties of samples were studied using UV-Vis/NIR spectrometer. The
baseline for the measurement was set by using a plane glass substrate as sample and
reference. A standard reflector (supplied by the manufacturer) was used as the reference
for the reflectance measurements. The optical bandgap (Eg) value of thin film was

calculated using the equation;

(ahv)" = A(hv — E,) (10)
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where A is a constant, « is the absorption coefficient, h is Plank’s constant, and v is the
frequency of the incident photon. The value of the exponent n depends on the type of
optical transition, i.e., n = 2 for a direct allowed, n = % for an indirect allowed and n = 2/3
for a forbidden bandgap semiconductor respectively. The absorption coefficients o (cm™?)

of the films were calculated using the equation,
1 (1 —R)?
RO (CE o IS

where T is the transmittance, R is the reflectance, and d is the average film thickness (cm).
The average thickness of the films was measured using a profilometer. Optical properties
were studied from absorbance, transmittance and reflectance spectra of the thin films
using a UV-Vis-NIR spectrophotometer (Jasco V-770).

2.5.6. Electrical measurement

The thin films' electrical properties were studied by measuring their photocurrent
response and current-voltage (I-V) characteristics. For that, silver electrodes were painted
and dried by annealing at 100 °C for 10 min. Keithley 6487 picoammeter/voltage source
was used for the electrical measurements. The film was kept in the dark for 10 min to
eliminate the noise. The photocurrent measurements were done using a tungsten lamp (50
W) and LEDs with different wavelengths. The measurements were done under both dark
and illumination conditions. A 532 nm continuous laser was the light source for the

photocurrent measurements at different laser power densities.
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Chapter 3

Binary halides: studies on their properties

3.1. Introduction

Transition metal dichalcogenides, organic-inorganic hybrid halides, metal
halogenides, and transition metal oxides are treated as outstanding materials for the
investigations because of their optoelectronic and catalytic properties'*414°, Compared to
other materials, hybrid organic-inorganic halide perovskites are considered as potential
candidates for the photovoltaics and optoelectronic applications!4¢14’, Halides of bismuth,
antimony and arsenic have been investigated for the past few decades and used in many
fields such as semiconductor, nanotechnology, halogen metallurgy, and the medical
field*8. lodides of bismuth and antimony such as Bils and Sbls, have a similar layered
structure*® and been employed for photovoltaics. The covalent bonds and van der Waals
forces present in their structure hold these layers together. The rhombohedral structure of
Sblz contains eight atoms and it has high photosensitivity and intrinsic optical
anisotropy®1°1, Also, they have a high refractive index and show second harmonic
generation>21%3, Because of these properties, it has been widely used for applications such
as cathodes in information storage, solid-state batteries, high-resolution image micro
recording, etc.®*1% It has not yet explored much, and more investigations are necessary

to make them useful for photovoltaic and optoelectronic applications.

Over the past decades, transparent conducting materials (TCMSs) have attained
considerable attention. For example, copper iodide (Cul) and silver iodide (Agl) are
among them and known as superionic conductors. They have made their signatures for
chemical sensor and ionic conductor applications!®. To bring them more for their
applications in the electronics field, their electrical and chemical properties must be

understood. To achieve this, a detailed study of their characterizations is very important
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for a better understanding of their fundamental structural and chemical properties for the

future applications.

157 and

Agl is well-known as a solid electrolyte with high ionic conductivity
photosensitivity. It is used in photographic films, photocatalysis and cloud condensations
applications'®®19, They have not been investigated much for electronic applications since
they are less stable towards open atmospheric conditions'®°. There are three polymorphs
for Agl, namely a-Agl, S-Agl and y-Agl. Here a-Agl has bce structure, the second phase
has a hexagonal structure and the third phase has an fcc structure. Among them S-Agl and
y-Agl are most stable at ambient pressure!®®. g-Agl has high ionic conductivities with n-
type conductivity. Copper iodide (Cul) is a well-known transparent semiconductor and
has high p-type conductivity. Copper vacancies are the reason behind their high p-type
conductivity. This makes them suitable for applications such as hole transport layer in
solar cells, field emission displays, organic catalysts!®21%3 and optoelectronic
devices'®+1%, Like Agl, there are three crystal phases for Cul, namely, a-Cul (fcc
structure), S-Cul (hexagonal structure) and y-Cul (fcc structure) 166-16°, Compared to other
phases, y-Cul is treated as the most important one for optoelectronic applications because
of its solution processability at room temperature!’®. This chapter describes the synthesis

and detailed characterizations of metal halides namely, Bils, Sbls, Agl, and Cul.

3.2. Fabrication of bismuth iodide thin films for photodetector application
3.2.1. Results and discussion
3.2.1.1. Structure

Crystal structures of Bil; powder and thin film were examined by analyzing the respective
X-Ray diffraction patterns. Bilz powder shows reflections from (003), (113), (116), (300),
(119), (223), (226), (309), (413), (3012), and (416) planes. It (given in Figure 3.1) has
rhombohedral phase and is consistent with the standard database: JCPDS # 48-1795.

Figure 3.2 shows the XRD patterns of Bils thin films. We observed well-defined
reflections from (003), (006), (113), (116), (009), (300), and (0012) planes correspond to
the diffraction angle at 20 = 12.782°, 25.727°, 26.981°, 35.251°, 39.099°, 41.564°, 43°,
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and 52.946° respectively. These results agree with the rhombohedral phase for Bilz (space
group R-3, JCPDS # 00-048-1795). After annealing the diffraction peak intensities

increased and this might be due to the improvement in the crystallinity!’*173,

JCPDS #48-1795
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Figure 3.1. PXRD patterns of Bils powder.
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Figure 3.2. XRD patterns of as prepared and annealed Bils thin films.
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3.2.1.2.Structure and phase

The molecular structure of precursor powder is elucidated using the respective Raman
spectrum. Figure 3.3 shows the Raman spectrum for Bils powder. We observed Raman
peaks at 54, 73, 90, 110, and 155 cm™. Raman active modes corresponding to these peaks
are Eg, Ag, Eg, Ag, and Agt"417. According to literature #17, the line at 155 cm™ probably

arise from second-order Raman peak.

90 (cm‘l)

110 (cm I)
155 (cm")

73.6 (cm™)
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50 75 100 125 150 175 200
B 1
Raman shift (cm™)

Figure 3.3. Raman spectrum of Bilz powder at room temperature.

Figure 3.4 illustrates the Raman spectrum for annealed Bils film of 1M
concentration. Four Raman active modes are observed at 50, 86, 104 and 150 cm™. Among
these lines, the two prominent peaks are situated at 86 and 150 cm™. The former peak
corresponds to the Eq mode 1"#17® The second intense line at 150 cm™ may arise due to
the second-order Raman line which is only observed in bulk materials'’41">, In addition
to these major peaks, there exist minor peaks positioned at 50 and 104 cm™. These two

lines are corresponding to Aqg Raman active mode and similar results are observed in the

literature related to Bils1417®,
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Figure 3.4. Raman spectrum of Bilz film.

3.2.1.3. Morphology

Surface morphologies of Bils thin films are captured using FESEM and are given in Figure
3.5. 5 kV was the applied acceleration voltage and images were taken in the secondary

mode (for magnifications of 10 and 25 k).

Figure 3.5. SEM images of Bils film of 1 M concentration a) as deposited film and b) heat-
treated film.
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The morphology of as-prepared film is composed of densely arranged, irregularly shaped
particles. The particles are appeared as planes pointing outwards. After annealing, the film
surface gained a new morphology as in Figure 3.5 (b). Here, the surface morphology is

consisted of small rod-shaped particles and voids are observed.
3.2.1.4. Chemical state and composition

Surface analysis of Bilz powder and the thin film were studied from the survey spectrum

and high-resolution spectra using XPS.
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Figure 3.6. Survey spectrum and high-resolution spectra of Bi 4f and | 3d for Bils powder.

Figure 3.6 corresponds to the survey and high-resolution spectra for Bils powder. The
core-level spectrum for Bi 4f consists of two doublets. Peaks at 159.28 eV and 164.59 eV
correspond to the Bi®* in Bils!"®178, The high-resolution spectrum for | 3d consists of two
peaks at binding energies 619.4 eV and 630.9 eV. These peaks are separated by an energy
difference of 11.5 eV and correspond to I in Bils!"®'"’  Figure 3.7 shows XPS analysis

for Bils film.

In the survey spectrum, C, O, Bi, and | species are detected. The high-resolution spectra
consist of core level spectrum, deconvoluted peaks and the envelope (which is resulted
after the deconvolution process and peak fitting). Bi 4f spectrum has two major peaks with
B.E. values, at 159.29 eV and 164.6 eV are corresponding to +3 state of Bi in Bils!"®17®
(shown in Figure 3.7(b)).

42



CHAPTER3 [/

BINARY HALIDES: STUDIES ON THEIR PROPERTIES

Bidf

b) 4f7/2
a) E 452 159.;‘9 eV
| 164.6 ¢V
z 8 E=531eV
— 5 :,9.;,_ + ‘IE o
- ‘""“""\/’T"::ﬁ & = N
=. th- L E = = =|§
N SN 9 ;}
e l_'__'_'J.__,_ |
z? Ay
= 1200 800 400 0 164 Y
g [913d 3452 ) Biar 3d
g P fpahhe
= 337 (12.47¢¥) oo AP
& *"“H‘W‘
f
. (630.97 eV) R
& SE=1158V B 10—

630

624 618

165 160

Binding energy (eV)

Figure 3.7. Survey spectrum, high-resolution spectra and depth profile of Bils film.

All the peaks within the core region are maintained at an energy difference of 5.31 eV.
One pair of Bi 4f levels with low intensity appear at 157.61 eV and 162.92 eV and are
corresponding to elemental bismuth. I 3d high-resolution spectrum is composed of
(presented in Figure 3.7 (c)) two peaks at 619.47 eV and 630.97 eV (with peaks binding
energy difference of 11.5 eV), are belonging to I state in Bils!"®. To see how the elements
are distributed till the depth of the film, a depth profile analysis was conducted and is
presented in Figure 3.7 (d). During the analysis, Bilz was removed by etching from the
sample using Argon ions. Due to Ar* etching, after one cycle of etching process, presence
of metallic bismuth was found. The elements: Bi and | are uniformly distributed to the
11" level of the film. After the 11'" level, the elements are not enough to produce a strong

signal indicating that the incoming signal has reached the substrate surface.
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3.2.1.5. Optical properties

Absorbance spectra of pristine and annealed films of Bils of 1 M concentration are given
in Figure 3.8. The as prepared film shows a keen absorption around 600 nm. After
annealing, we observed a higher optical absorption around 720 nm. The optical bandgap
(Eg) values of the as prepared and annealed films are estimated from Tauc plots. Direct
bandgap values of 2.15 eV and 1.75 eV are obtained for the as prepared and annealed
films respectively (shown in the inset). The reduction in the bandgap value might be
attributed to the improvement in the crystallinity and the larger particles that we see in the
diffraction pattern and morphology of the annealed film. The energy range was taken in
agreement with the absorption range of the absorption spectrum. The decrement in the
bandgap might be due to the improvement in crystallinity of the sample after annealing
(see Figure 3.8). The bandgaps obtained are close to the corresponding reported values of
Bils!"%-181 We observed that a strong noticeable peak appears around 500-585 nm in the
as prepared film and after annealing, this peak appears around 600-685 nm. Similar peaks
are observed in the previous works related to the iodide compounds and are ascribed as

the exciton peaks*®?,
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Figure 3.8. UV-Vis absorption spectra of as prepared and annealed Bilz films (Tauc plots

for the films are given in inset).
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3.2.1.6. Electrical properties

For the fabrication of the Bils photodetector, we painted Ag electrodes of dimensions 5x5
mm as shown in Figure 3.9 (a). Tungsten lamp and LEDs with different wavelengths (with
a power of 50 W) were used to illuminate the device for the photocurrent response
measurements. Interestingly we observed an increase in photocurrent when the light
sources were switched on. 1-V characteristics are shown in Figure 3.9 (b) and the linear
and symmetric behavior ensures a relatively high-ohmic contact between electrode and
bismuth iodide.
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Figure 3.9. a) Schematic diagram, b) I-V characteristics c) switching behavior of Bils
photodetector when illuminated with different wavelengths of LEDs (at a bias voltage of
5V), and d) photocurrent response towards the light with various power densities (when
illuminated with 532 nm laser).
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The photocurrent response of Bilz photodetector under dark and light is shown in Figure
3.9 (c). When the photodetector was illuminated with light, we observed a sudden increase
in photocurrent compared to the dark current. This increment in current is resulted due to
the photogenerated carriers when Bils absorbs the incident photon energy. In addition, the
reproducibility and stability of the device must be noted. It could easily attain a stable high
value of photocurrent and come back to a low value of photocurrent when the light is
repeatedly turned on and off. If lignt and lgark are the photocurrents under light and dark,
then the sensitivity of a photodetector can be calculated. The sensitivity towards different

wavelengths of light was calculated using the following equation®®,

Sp = dgne”ldark yq (12)

ldark

It is one of the most important parameters to determine the quality of a photodetector.
Sensitivity versus wavelength of light is given in Figure 3.10 (a). The photocurrent
response was measured for various power densities using a continuous 532 nm laser and
is given in Figure 3.9 (d). We observed that the photocurrent response of detector
increases with the light intensity. Thus, to investigate the photocurrent response as a
function of power densities, we calculated responsivity (R). It is one of the important
parameters of a photodetector that can state the quality of a photodetector. It is defined as
the amount of photocurrent generated per unit area per unit light intensity and can be
calculated using the equation[13],

Ilight - Idark

R =
L,S

(13)

Here Ly is the power density (1.9, 3.8, 5.7, 7.6, 9.5, and 11.4 mW/cm?) of the light source
and S is the area of the electrode. We plotted responsivity as a function of incident power
density (shown in Figure 3.10 (b)). It is evident that the responsivity decreases with
increase in power density. This might be due to trap states present in the sample which

causes the recombination and suppression of photogenerated carriers.
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Figure 3.10. a) Sensitivity versus wavelength of incident radiation and b) sensitivity and

responsivity versus power density graph.

3.3. Agl powder and thin films: Synthesis and characterization
3.3.1. Results and discussion

3.3.1.1.Structure

XRD pattern of Agl powder is included in Figure 3.11. Moreover, a comparison has done
between the data with the standard database to confirm the crystalline phase. Yellow-
colored Agl powder showed reflections from (100), (002), (101), (102), (110), (103),
(112), (202), (203), (210), (300) and (302) planes and are matching well with the
hexagonal phase for B-Agl (JCPDS # 09-0374).
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Figure 3.11. PXRD patterns of Agl powder.

lodization for metallic Ag films of different thicknesses are done as we did for antimony

sulfide (see section 3.5).
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Figure 3.12. XRD patterns of Agl thin films formed at different Ag thicknesses (10, 50,
80, and 100 nm).

Diffraction patterns of Agl thin films are given in Figure 3.12. Peaks are compared and
matched well with the standard JCPDS (file number 00-009-0374) of hexagonal Agl. The
diffraction peaks located at 20 = 22.31°, 23.7°, 32.7°, 39.2°, 42.6°, 46.3° are
corresponding to (100), (002), (102), (110), (103), and (112) reflections of Agl. It is
observed that appearing and vanishing of certain planes occur as Ag thickness varies.
Compared to Ag-10 nm case, Ag-50 nm case has additional diffraction peaks due to (102)
and (103) planes and they vanished in Ag-80 nm case. Also, a new pair of planes, (100)
and (110) are identified for Ag-80 nm iodized film and they are absent in Ag-50 nm case.
In addition, plane (100) is not observed in Ag-100 nm film in comparison with Ag-80 nm
case. In all the cases a major diffraction peak at 23.7° is observed. Because of the increase
in crystallinity of samples this peak intensity gets stronger with Ag thickness. The
crystallite sizes of Agl films are calculated using equation ((8), see section 2.5.1) and the
obtained values are 26.5, 48.8, 54.4, and 59.9 nm for 10, 50, 80, and 100 nm cases
respectively. The crystallinity of Agl thin films vary with Ag film thicknesses, and this

result matches well with the earlier studies!®1%,
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3.3.1.2.Structure and phase
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Figure 3.13. Raman spectrum of Agl powder at room temperature.

The molecular structure of precursor powder is elucidated using their respective Raman
spectral analysis. Figure 3.13 shows the Raman spectrum obtained for Agl powder. We
observed two Raman active modes for Agl powder as depicted in Figure 3.13, one at 44
cm™ which is identified as ‘boson mode’ and other at 110 cm™ which is due to Ag-I
stretching®96-1%,
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Figure 3.14. Raman spectra of Agl films with various Ag thicknesses.

Figure 3.14 illustrates the Raman spectra of Agl thin films. A major peak at 44 cm™ as

well as a low intensity peak at 107 cm™ are noticed. The 107 cm™ peak is due to Ag-I
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stretching. Both Raman active modes positioned at these values are in well terms with the

earlier reports!%-200,
3.3.1.3. Morphology

FESEM images correspond to both Ag and Agl thin films are captured in the secondary
electron mode (SE) with an applied acceleration voltage of 2 kV. The magnified images
are given in inset of each micrograph. Surface morphologies of Ag and Agl thin films are
compared. FESEM images of Ag thin films are illustrated in Figure 3.15 (a, c, e, and Q).
The surface morphologies of metallic films consisted of compactly arranged particles. In
comparison with metallic films, each silver iodide film (given in Figure 3.15 (b, d, f, and
h)) has distinct surface morphology. For 10 nm iodized film, it is composed of randomly
distributed, irregularly shaped particles. In the case of 50 nm iodized film, the surface
morphology has small spherical-shaped particles with some voids in between them. The
80, and 100 nm iodized films morphologies are similar. Compared to 50 nm iodized film,
100 nm film morphology is composed of bigger particles. Similar nature for surface

morphologies was reported for electrochemically deposited Agl thin films by Zheng et
a.|201_
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Figure 3.15. FESEM micrographs of Ag and Agl films formed with different Ag
thickness, a) Ag(10 nm), b) Agl(10 nm), ¢) Ag(50 nm), d) Agl(50 nm), e) Ag(80 nm), f)
Agl(80 nm), g) Ag(100 nm), and h) Agl(100 nm).

3.3.1.4.Chemical state

Figure 3.16 starts with the survey pattern and high-resolution spectra for Agl powder.
Survey spectrum for Agl shows the presence of Ag and I. The Ag core level is splitting
into two singlets (Ag 3ds/2 located at 368.2 eV and Ag 3ds, located at 374.2 eV). These
binding energy values are corresponding to the Ag* state in Agl 17%2%2, The two peaks of
I 3ds2and | 3ds2 (at 619.51 and 631.01 eV) are belonging to I state in Agl with a binding

energy difference of 11.5 e\/176203,

(374.2¢V)

SE=11.5eV—9

Intensity (a.u.)

1200 1000 800 600 400 200 0376 374 372 370 368 366 632 628 624 620 616
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Figure 3.16. XPS analysis of Agl powder.

XPS analysis of Agl thin film is given in Figure 3.17. The survey pattern of Agl thin film
reveals Ag, I, and C elements on the sample surface. Binding energies values of Ag 3d at
368.24 and 374.24 eV are corresponding to Ag* state in Agl with 6 eV of energy
difference®®. The binding energies of 1 3d peaks at 619.45 eV and 630.95 eV are due to
I” state in Agl with an energy separation of 11.5 eV?%,

|Ag3d 32 |13d 2572

3d3/2 368.24 eV 3d3z/; 619.45 eV
630.95 eV

5 E=11. 5 eV

Intensity (a.u.)

E—

1200 800 400 W6 372 368 630 624 618

Binding energy (eV)

Figure 3.17. XPS analysis of Agl film (silver thickness of 100 nm).

A comparative study of high-resolution spectra of the silver iodide thin films of various
silver thicknesses are carried out and are shown in Figure 3.18. As silver thickness
increases, the peak intensity corresponds to the constituent elements also increases, this

result correlates with the XRD results. A small shift in the peak position is observed for
all the cases.
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Figure 3.18. Comparison between the XPS high-resolution spectra of Agl thin films of
various silver thickness.
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Figure 3.19. Depth profile analysis of Agl thin film (Ag thickness: 100 nm).

As mentioned earlier, XPS surface analysis can perform up to the depth of 10 nm. A
detailed study was conducted to see how the elements are distributed through the film's
depth (100 nm film of Agl) (shown in Figure 3.19) through depth profile analysis. It was
done by etching out Agl from the sample surface using Ar+ ion after each cycle of
analysis. Elements: Ag and | are uniformly distributed till 11" level of the film, while Ag
is identified till the depth due to difference in etching rate. The signals from the glass
substrate (Si and O) identified from the 12" level.

3.3.1.5.0ptical properties

Optical properties of the films are studied from their respective absorbance, transmittance,
and reflectance spectra. Both measurements and calculations, have done as explained in
section 2.5.5. Figure 3.20 (a) illustrates the optical absorption spectra for Agl thin films
in the wavelength range 300-1500 nm. After the iodization, the films of silver turned into
light yellowish Agl films. From its zoomed version in the range 300-500 nm (shown in
inset), it has a fundamental absorption edge around 400-450 nm. From the Tauc plots
(Figure 3.20 (b)), optical bandgap (Eg) of Agl films was estimated. Direct bandgap values
are in the range 2.74-2.65 eV (Figure 3.20 (c)) for 10, 50, 80, and 100 nm silver thickness

respectively and the values agree with the earlier reports582%4,
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Figure 3.20. Optical absorbance spectra and direct Tauc plots of Agl thin films
synthesized at different silver thickness.

3.4. Rapid iodization process for the fabrication of Cul films
3.4.1. Results and discussions

3.4.1.1. Structure

Diffraction profile of Cul films (with different copper thicknesses) are given in Figure
3.21Figure 3.21. The diffraction peaks are compared with standard JCPDS file (PDF#00-
006-0246) and they match well with the standard zinc blend Cul. Three diffraction peaks
are observed at 20 = 25.47°, 29.5°, and 42.19° and they correspond to (111), (200) and
(220) reflections. In the XRD patterns of all films, peak at 25.47° is the major diffraction
peak.

Cul JCPDS# 00-006-0246
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Figure 3.21. X-Ray diffraction patterns of Cul thin films formed at various copper
thicknesses (10, 50, 80, and 100 nm).

With an increase in copper thickness the improvement in the crystallinity of samples is
observed. Diffraction peaks of metallic copper or oxides of copper were not observed in
any of the patterns. It implies that a complete transformation of metallic Cu to zinc blend
Cul. We observed that with an increase in copper thickness, the diffraction peak intensities
also shown an increment?®-2%", The crystallite size was estimated using Debye-Scherrer
equation (8) (see section 2.5.1). For the calculation, the peak corresponding to (111) plane
was considered and crystallite sizes calculated are 47, 51.4, 58.4, and 58.7 nm for 10, 50,
80, and 100 nm copper thickness, respectively. The crystallite size of samples increases
with copper thickness and obtained values agree with the previous report by Dintle et al?%,

3.4.1.2. Structure and phase

Figure 3.22 displays the Raman spectra of Cul films. It is observed that there is a single-
prominent peak for all films. This major peak positioned at 122 cm™ is assigned as Cul
transverse optical (TO) mode?®. The intensity of this peak increases with an increase in

copper thickness and this result correlates with the XRD results.

Cul films
with varying Cu thickness

122 em-1

.’_‘\/m
80 nm
50 nm
N
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Figure 3.22. Raman spectra of Cul films with various copper thickness.

55



CHAPTER3 // BINARY HALIDES: STUDIES ON THEIR PROPERTIES

3.4.1.3. Morphology

FESEM images are captured in the secondary electron mode (SE) (an acceleration voltage
of 2 kV). The magnified images (with magnifications 10 k and 25 k) are shown each
micrograph's inset. FESEM images correspond to films of metallic copper (Cu) thin films
as well as copper iodide (Cul) prepared at various copper thicknesses (10, 50, 80, and 100

nm) are given in Figure 3.23.

y X Yo Vi
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Figure 3.23. SEM micrographs of Cu and Cul films formed with different Cu thickness,
a) Cu(10 nm), b) Cul(10 nm), c) Cu(50 nm), d) Cul(50 nm), e) Cu(80 nm), f) Cul(80 nm),
g) Cu(100 nm), and h) Cul(100 nm).

We observed that the morphologies of the precursor films are similar (Figure 3.23 (a-g))
and composed of compactly arranged particles. Surface morphological images of copper
iodide films are shown in Figure 3.23 (b, d, f, and h). For 10 nm case, the surface
morphology contains rectangular like particles over which small shapeless particles are
dispersed. With an increase in Cu thickness, their morphologies looked entirely different
from that of Cu films and composed of densely arranged, bigger sized particles. Kaushik

and his coworkers reported the same nature for surface morphologies of Cul films?®,
3.4.1.4.Surface analysis

The survey pattern and high-resolution spectra of individual constituent species

present in the sample is shown in Figure 3.24.
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Figure 3.24. XPS high-resolution spectra of Cul film (copper thickness: 100 nm).

The survey pattern revealed that Cu, I, and C are present on the sample surface. The peaks
positioned at binding energy values, 932.8 and 952.5 eV, represent the +1 state in Cul.
Similarly, iodine high-resolution spectrum is composed of a 3d doublet (I 3ds,2and | 3d3)
with peak B.E.s at 619.28 and 630.78 eV (with an energy separation of 11.5 eV) and that

corresponds to the I states in Cul 210214,
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Figure 3.25. Comparison between the XPS high-resolution spectra of Cul thin films of
different copper thicknesses.

Comparison between the high-resolution spectra for Cul thin films of various Cu
thicknesses are shown in Figure 3.25. With an increment in Cu thickness, the constituent

elements peak intensity also increases and is correlating with our XRD results.
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Figure 3.26. Depth profile analysis of Cul thin film with Cu thickness 100 nm.

We conducted a depth profile analysis for our Cul film of 100 nm-Cu thickness to study
how the elements are distributed till the film depth (shown in Figure 3.26). Cul film was
etched out by Argon ions in each cycle of analysis and a uniform distribution of the

elements Cu and | are observed. Since the film was deposited on the glass substrate, Si
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and O elements profile is also included. The depth profile analysis confirms the

homogeneity and uniformity of the film.
3.4.1.5. Optical properties

All the measurements and calculations are done, as explained in section 2.5.5 for the
optical property studies. The absorbance spectra of the Cul films are shown in Figure
3.27(a) and photo of the films are given in inset. The zoomed version of optical absorption
spectra in the 300-500 nm wavelength range are given in inset. Each film has a
fundamental absorption edge in the wavelength range: 400-450 nm. A hump is appeared
for all the films at 410 nm wavelength, and it might be because of the electron excitation
between the sub-bands of the valence band and conduction band®!>?!®. The transmittance
and reflectance spectra for each case are shown in Figure 3.27 (c). The direct optical
bandgap values are obtained in the range 3.03-3.00 eV (Figure 3.27 (b)) for 10, 50, 80,
and 100 nm Cu thicknesses. These bandgap values are matching with the earlier

reports?032!7,
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Figure 3.27. UV-Vis-NIR absorption spectra and Tauc plots of Cul thin films synthesized

at different copper thickness.
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3.5. Rapid iodization for the fabrication of Sbls thin films
3.5.1. Results and discussion
3.5.1.1. Structure

Sh»Sz thin films deposited at different deposition times (30 min = 185 nm, 1 h = 250 nm
and 2 h = 480 nm) were iodized for different durations (30 s to 5 min). We observed a
color change after iodization where all the dark yellow Sb,Ss films turned into light orange

color as shown in Figure 3.28.

395 60s 90s _1205715055min

I 1odization at 100°C for L-‘ .-- 30 min
30-120 s A |

lh

X - 2h
Sb,S, films SbI, films

Figure 3.28. Photos of Sbls thin films synthesized via iodization of Sb.Sz films with

different deposition times a) 30 min, b) 1 hour and c) 2 hours.

XRD patterns of the Shls thin films are given in Figure 3.29 (a, b and ¢). XRD patterns of
amorphous Sh»Ss thin films are also included in the figure and compared with the Sbls. It
is evident from the diffraction patterns that the iodization process has brought evolutions
to the amorphous Sh>Ss films because of the appearance of new diffraction peaks. By
comparing the diffraction patterns with the standard database (JCPDS#98-000-9298), we
found that all the diffraction peaks are matching well with the hexagonal Sblz. We did not
observe any peaks related to sulfides, oxides or oxi-iodides in the XRD patterns.
Diffraction peaks identified at 26 values: 14.75°, 18.7°, 29.76°, 31.5°, 41.08°, and 45.31°
are corresponding to (003), (012), (006), (113), (2-16), and (009) planes respectively. An
earlier work done by Mohan and coworkers revealed that the iodization durations have a
pronounce effect on the crystallinity of Sbls and iodization times ranging from 5 min-9 h
was utilized for iodizing thermally-evaporated Sb films!83, Our fast iodization process of
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chemical bath deposited Sh,Sz thin films resulted in highly crystalline, phase pure Sblz

films within the first 30 s of iodization.

In the case of 30 min deposited films, no high intensity (strong) diffraction peaks are
observed for the smallest iodization time (30 s) compared to higher iodization times. Three
diffraction peaks are found at 20 values: 14.75°, 29.76°, and 45.31°. For 1 and 2 h
deposited Sh,Sz thin films iodization ended up in the formation of Sbls binary with
additional diffraction peaks compared to 30 min deposited films. Here new diffraction
peaks are observed at 18.7°, 31.5° and 41.08°. For all the three cases of chemical bath
deposition time of Sb.S3 (30 min, 1 h and 2 h), (006) peak appeared as the principal peak
of reflection for Sbls. This major diffraction peak intensity was found to increase with the

increase in iodization time.

The methodology for preparation of Sbls film in the present work is inspired by the work
done by Tiwari et al for the synthesis of Bils from Bi>S3. According to their work,
iodization (at 200 °C ) of Bi2Ss film resulted in forming phase pure Bil3'®*. The mechanism
for this conversion of Bi>S3 to Bils was explained using the principle: ‘Pearson’s hard soft
acid base’ wherein Bi®* (soft-acid) readily associates with a I (which is a polarizable soft-
base) resulted in the formation of Bilz. The same principle is applied here for explaining
the formation mechanism of Sbls, wherein a polarizable soft acid Sb** simultaneously
replaces S* (a hard-base) with I (a polarizable soft-base). This resulted in the formation
of Shls 1°,

From the XRD data, the average crystallite size (D) was calculated by using the Debye-

Scherrer formula,

D kA
~ BCosh

(14)

where ) (1.54056 A) is the X-ray wavelength, k is a constant of value 0.9, and P is the full
width half maximum (FWHM) located at the respective 26 value. The average crystallite

size values obtained are listed in Table 3.1.
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Figure 3.29. Diffraction patterns of Sbls thin films synthesized via iodization of Sh>Ss

films with different deposition times a) 30 min, b) 1 hour and ¢) 2 hours.

Table 3.1. Average crystallite size values obtained for Sbls thin films.

Deposition lodization time Average

time of Sb2S3 | taken for Sbls | crystallite size
films film’s (nm)

fabrication (s)
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60 42
90 43
120 43
150 49
5 min 50
30 34
60 42
90 45
120 o1
150 53
5 min 45

3.5.1.2. Structure and phase

The rhombohedral Sbls belongs to R-3 space group. If the symmetry is known and the
number of atoms in a unit cell is given, then it is possible to make the irreducible
representation of a unit cell based on factor group analysis'®. From the literature it is well
known that the irreducible representation of Sbls unit cell has 4Agy, 4Eg, 4Ay, and 4E,
modes. Interestingly, among these modes, Raman active are Aq and Eq modes whereas Ay

and E, modes are infrared active®’.

Raman spectra of Sbls films are given in Figure 3.30. Figure 3.30 (a) shows the 30 min
deposited Sh,Szand corresponding Sbls films. It is evident from their spectra that the 30 s
iodized film does not show any major peak, and this result is correlating well with the
XRD result of our 30 s iodized film (shown in Figure 3.29). When the iodization times
were increased, we observed four major lines at 44, 65, 137, and 159 cm™. For 60 s iodized
film, we observed two peaks at 137 and 159 cm™ and for 90 s and 120 s iodized films, a
new peak at 65 cm™ appears along with those two peaks. The phonon modes at 44 cm™,
65 cm™t and 137 cm™ are assigned as v1 (Ag), v3 (Aq) and va (Ag) modes respectively, and
Raman active mode located at 159 cm™ is assigned to va4 (Eq) mode!8"-188,
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Figure 3.30. Comparison between the Raman spectra of Sb>Sz and Sbls films formed at

different deposition durations and iodization times.

Whereas 1 h and 2 h deposited Sb»Sz and their corresponding Sbls films (Figure 3.30 (b
and c)) showed four distinct bands of Ag and Eg modes and these modes appeared even
for the lowest iodization time unlike 30 min deposited Sh,Sz iodized films. This result is
supported by our XRD results since the films became crystalline after the first 30 s of
iodization. A remarkable similarity for all the spectra of different experimental conditions
was observed in the range 30 to 250 cm™™.

3.5.1.3. Morphology

Surface morphology studies of Sbls thin films were done using FESEM. For that, an
acceleration voltage of 2 kV was used. Images were captured in the secondary electron
(SE) mode at magnifications of 10 and 25 k. Magnified images are given in the inset of
micrographs of each case. A comparison between the surface morphologies of Sb,Sz films
deposited at various deposition times (30 min, 1 h and 2 h) are done and represented in
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Figure 3.31. In the figure, 30 min deposited Sb.Ss and their respective Sbls films are
shown at the top, 1 h deposited Sbh»Ss and their respective Sbls films are given at the

center) and the bottom part represent 2 h deposited Sh,Ss and their respective Sblz films.

SEM image of pristine Sh»S3z is shown in (a) part of Figure 3.31 and the morphology
revealed that the surface is composed of compactly arranged spherical particles. When
compared to the SEM images of Sh,Ss films, it is found that Sbls films possess distinct
surface morphologies. For 30 min deposited Sh,Ss and their respective Sblz films, 30 s
iodized film (shown at top of Figure 3.31 (b)) surface is composed of a compact
morphology, with randomly arranged irregularly shaped particles. In the case of 60 s of
iodized film, the surface morphology has a net like structure with shapeless particles are
attached to rod-shaped particles as given in the top of Figure 3.31 (c). For higher iodization
time, that is 90 s as shown at top of Figure 3.31 (d)) the film surface is composed of thicker
rod-shaped particles with many smaller shapeless particles are attached. In the case of 120
s of iodization, the film showed a morphology where interconnected rod-like particles
with tiny droplets like-shaped particles are adhered (shown at top of Figure 3.31 (e)). For
higher iodization times such as 150 s and 5 min films attained fewer pinholes with uniform

surface coverage as shown at the top of Figure 3.31 (f and g).
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Figure 3.31. SEM micrographs of Sb>Sz with various thicknesses and their respective Sbls
films formed at different iodization times, a) Sb2Sz as deposited film, and b), c), d), e), f),
and g) Sbls films of different iodization times 30s, 60s,90 s, 120 s, 150 s, and 5 min
respectively. ((Top) 30 min deposited Sb2Ss and their respective Sbls films, (center) 1 h

66



CHAPTER3 [/ BINARY HALIDES: STUDIES ON THEIR PROPERTIES

deposited Sh.Sz and their respective Sblz films, (bottom) 2 h deposited Sb2Ss and their

respective Sbls films).

As the deposition duration time of Sh,Ss was increased more uniformity and surface
coverage is observed as shown at the center and bottom portions of Figure 3.31. All the
iodide films born from higher thickened Sh>S3 show a compact morphology and in each
case, the grain boundaries became more visible implying the improvement in surface
morphologies of iodide films. SEM-EDS mapping of 2 h deposited Sh.Ss their respective
Sbls films formed at iodization times of 30 s, 120 s, and 5 min was carried out for the
estimation of elemental composition (shown in Figure 3.32). EDS mapping of Sbh,Ss thin
film revealed that Sb and S are uniformly distributed over the film. Whereas Sbls films
mapping area confirms the conversion of antimony sulfide into antimony iodide with a
homogeneous distribution of constituent elements: Sh, and I, over the sample surface.

Compositional analysis of antimony iodide thin films is listed in Table 3.2.

Table 3.2. Composition analysis of Sb>Ss and Sblz thin films using EDS mapping.

Material S/Sb ratio | 1/Sb ratio

S
2 h deposited Sh,Ss 377 - 5.05 1.3 -
30 s iodized Sbls 6.71 25.83 3.93 0.58 3.84
120 s iodized Sbls 4.58 21.02 1.23 0.26 4.58
5 min iodized Sbls 3.07 23.77 0.52 0.16 7.74
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Figure 3.32. EDX mapping for a) 2 h deposited Sh,S3z and its Sblz films formed at b) 30
s, €) 120 s, and d) 5 min of iodization times.

3.5.1.4. Surface analysis

Surface analysis of Sbls film iodized for 120 s was done using XPS. In the survey analysis
(shown in Figure 3.33(a)) elements of Sh, | and C are detected and no peak of sulfur is

observed. The high-resolution spectrum of Sb 3d has two singlets (given in Figure 3.33
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(b)), namely Sb 3dz» and Sb 3ds,2 located at 530.3 eV and 539.64 eV respectively. The
two singlets are arisen because of spin-orbit coupling phenomenon. These two peaks are
separated by an energy difference (6 E) of 9.34 ¢V. Peak located at 530.3 eV corresponds
to the Sbh®* state in Sbls!%. The high-resolution spectrum of 1 3d is composed of a doublet
due to spin-orbit coupling as illustrated in Figure 3.33 (c). B.E. values observed at 619.35
eV and 630.85 eV with an energy difference of 11.5 eV. Compared to the high-resolution
spectrum of Sh,Ss, where Sb 3ds2 and Sb 3ds2 are located at 529.38 eV and 538.64 eV1%,
there is a shift in the B.E. values for Sb 3d peak in our Sbla.

b)Sb3d  3dy, |[c)]3d 3d,,
3d,, 5303 eV 3d;, 619.35eV]

539.64 eV 630.85 eV

OE =115eV

Sb 4s
Sh 4p
R(gb 4d

Intensity (a.u.)

1200 800 400 0 540 536 532 528 630 624 618

Binding energy (eV)

Figure 3.33. XPS high-resolution spectra of Sbls thin film (iodization time of 120 s) a)

surface analysis, b) high-resolution spectra of Sb 3d and c) high-resolution spectra of | 3d.
3.5.1.5. Optical properties

The optical properties of the films were analyzed. Both the measurements and calculations
were completed according to section 2.5.5. The optical absorption spectra of the Sh,Ss
deposited at different deposition times and corresponding Sbls thin films are given in
Figure 3.34 (a, b and c). The transmittance and reflectance plot are illustrated in Figure
3.34 (al, bl and c1). A color change was observed after iodization where the dark yellow
Sh>Ss films turned into dark orange Sbls. Sbis thin films displayed a systematic shift in
the absorption spectrum from 551 nm to higher wavelengths with increase in the
iodization time. Both direct (Figure 3.34 (e-j) and indirect bandgap (Figure 3.34 (k-p)

values are estimated from the respective Tauc plots.
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Figure 3.34. Optical absorption spectra of Sb.Ssz and corresponding Sbls thin films
synthesized at different iodization times (a-c), transmittance and reflectance plot (al, b1,
and cl) and Tauc plots of 2 h deposited Sh.Ss and corresponding Sbls thin films (direct
(d-j) and indirect (k-p)).

From the Tauc plot, it is observed that the direct bandgap values are ranging from, 2.25-
2.04 eV whereas indirect bandgap values are ranging from 1.93-1.84 eV for 30 s, 60 s, 90
s, 120 s, 150 s, and 5 min respectively. These optical bandgap values are compared with
the previously reported values**®15:191.192 Both direct and indirect transitions are reported
for Sbls, thus for a better understanding relevant studies are necessary. Based on our
optical properties study, the bandgap values vary with iodization time and it decreases for
higher iodization time. Variations in optical bandgap values in our study are compared
with the previously reported values and it might be because of the factors like the synthesis

technique and morphological differences of films.

3.5.1.6.Electrical properties

Based on the above studies, we developed a photodetector device based on Sbls. For this
we painted silver electrodes with length and breadth 5 mm using flash dry silver paint.

Schematic representation of Sblz photodetector is depicted in Figure 3.35.

590

&y 50
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Figure 3.35. Schematic representation of Sbls photodetector.

White light and LEDs with different wavelengths (465, 520, and 590 nm) were used to
irradiate the device. When the light was turned on, a high photocurrent is detected, and its
photocurrent response versus time (in seconds) is measured for Sb,Sz and Sbls thin films
(illustrated in Figure 3.36). We found that the photocurrent of Sbls thin films increases
with the iodization time. It might be because of the better surface morphologies of these
films which they attained for higher iodization times. Also, the role of good crystallinity

of the samples is worthy to note.

Sensitivity is one of the significant parameters for a photodetector. It was calculated
according to equation (12). For investigating its sensitivity towards different wavelengths
of the incident light (Figure 3.37), the device was irradiated with LEDs having different
wavelengths. Sensitivity values for Sblz thin films (iodized for 120 s) of 30 min, 1 h, and
2 h deposited Sh,Ss films are tabulated in Table 3.3.
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Figure 3.36. Photocurrent response of a) 30 min deposited Sh,S3z and its Sbls thin films,
b) 1 h deposited Sh,Sz and its Sblsthin films, and c) 2 h deposited Sh.Ssz and its Sbls thin
films (with different iodization times: 30 s, 60 s, 90 s, and 120 s and illuminated with
white light). I-t plot for d) 30 min deposited Sh2Ss and its Sbls thin films, e) 1 h deposited
ShSsz and its Sbhls thin films, and f) 2 h deposited Sbh,Sz and its Sbls thin films (with 120 s

of iodization and illuminated with LEDs of different wavelengths).

Table 3.3. Sensitivity measurements of Sbls thin films.

Sample Wavelength ldark (1d) hight (I1) (h-1a)/14*(100)
(Sbls) (nm) (nA) (nA) (%)

30 min 120 s 465 0.010 0.0127 15

520 0.011 0.0119 8

590 0.011 0.0114 3
1h120s 465 0.090 0.11 20

520 0.091 0.098 7

590 0.09 0.095 5
2h120s 465 0.036 0.044 22

520 0.035 0.04 14

590 0.035 0.039 11

For any photodetector device performance, its reproducibility, stability and response time
must be taken into account as crucial evaluating parameters. Thanks to the crystallinity
and uniform surface coverage with less voids of films, our device showed good
reproducibility and stability (Figure 3.38).
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Figure 3.37. The sensitivity of Sblz-photodetector towards light of different wavelengths.
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Figure 3.38. Switching behavior of Sbls-photodetector when illuminated with white light.

The time required by the photodetector device to reach 90% of its maximum photocurrent

value from its dark current is known as rising time (Trise). In contrast, the decay time (Tdecay)

is the device's time to reach 10% of its maximum photocurrent. It is found that iodide film
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of 2 h deposited Sh2Ss has better response time compared to others. Figure 3.39 portraits

the rising and falling edges of Shls photodetector under white light illumination. The

photocurrent values are divided by the maximum photocurrent value obtained (normalized
current) and are utilized for the I-t graph for the response speed calculation.
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Figure 3.39. Rise and fall times of Shls photodetector when illuminated with white light.

3.6. Conclusions of the chapter

In summary, XRD revealed a rhombohedral structure for Bilz with preferential
growth along (003) direction. A photodetector based on Bils was developed and its
photocurrent responses were measured for different wavelengths of LEDs. The device
performed well in the visible region with good reproducibility and sensitivity. The device
responsivity towards different power densities were investigated. The sensitivity as well
as responsivity of the device was affected by wavelength of incident light and power
densities. Further, phase pure Sbls thin films were fabricated via rapid iodization of
chemically deposited Sh>Ss thin films and a photodetector device was developed. The
effect of Sb>Ss film thickness and iodization time on the structure, morphology,
composition, and optoelectronic properties of Sbls revealed that the properties are tunable
by precursor film thickness and iodization time. Also, polycrystalline, phase pure
hexagonal Agl and zinc blend Cul thin films were deposited by combining thermal
evaporation followed by rapid iodization methods. The structure, phase, morphology,
elemental and optical properties were investigated as a function of precursor film
thickness. Both Agl and Cul films showed high visible region transparency and the

fabrication method we employed resulted in uniform films.
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Chapter 4

Fabrication of Ag2Bils perovskite thin films for

photodetector application

4.1. Introduction

In this chapter, the fabrication and properties studies of silver bismuth iodide (SBI)
perovskite films are described. The structure, morphology, optoelectronic properties of
AQ:Bils perovskite are investigated. The impact of precursor concentration on its
properties are studied. AgBils perovskite was used for the development of a
photodetector device and the electrical measurements were done using LEDs. This thesis
chapter has been published and reproduced with kind permission from Elsevier.

4.2. Results and discussion
4.2.1. Structure

Diffraction profile for pristine and annealed films of Ag2Bils perovskite is illustrated in
Figure 4.1 (a and b). All the data are compared with the standard data base of Ag2Bils
(JCPDS # 00-035-1025) perovskite. The diffraction peak positions are matching well with
the standard file for hexagonal Ag2Bils. Diffraction peaks situated at 26: 12.83°, 23.94°,
25.74°, 29.30°, 39.04°, 41.60°, 43.76° and 52.91° are corresponding to the reflections
from the planes: (003), (101), (006), (104), (009), (110), (113) and (0012). All the as-
deposited films show precursor peaks. After annealing (140°C, 0.5 h), the precursor’s
diffraction peak intensity is reduced. Previous studies related to the Ag2Bils perovskite
also revealed the presence of unreacted precursor in its structure?’®?1®, To investigate
whether the Bilz concentration variation results in another phase formation we did a

structural study for all the cases. Despite of the variation in concentration, Ag2Bils is the
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resulted phase. Table 4.1 shows the information about the synthesis method, sample form,
and crystal structure of the reported Ag2Bils perovskites and are compared with the present

study.

Crystallite sizes for all the cases were calculated using the Debye-Scherrer equation ((8),
see section 2.5.1). Peak of (003) plane was considered for the size calculations. 54.7,46.7,
41, and 37.2 nm are the obtained crystallite size values for 1:1, 1:0.95, 1:0.75, 1:0.45 cases
respectively. The values are in the reported range with the previous studies’'®. The

crystallite size increases with Bilsz concentration and is portraited in Figure 4.1 (c).
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Figure 4.1. XRD patterns of the pristine and annealed ((a) and (b)) Ag2Bils perovskite
thin films and c) crystallite size versus bismuth iodide concentrations (0.45, 0.75, 0.95
and 1 M). Graphs are reused with the permission from Elsevier in regard to our kind
request, doi.org/10.1016/j.mtcomm.2020.101092.
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Table 4.1. Comparison of the XRD results of present study with the earlier studies. Reused

with the acceptance from Elsevier in regard to our Kkind request,
doi.org/10.1016/j.mtcomm.2020.101092.

Preparation Sample | Crystal structure and

method form impurity present in the sample

Present study Spin coating Film AQ-Bils (hexagonal phase),
impurity-Bils.

Mashadieva et Solid state reaction Powder Ag2Bils(hexagonal phase).
al.?% of Agl and Bils

Jung et al.?*® Solid state reaction Powder Ag:Bils (hexagonal phase),
of Agl and Bils impurity: Bils.
Zhu et al.® Spin coating Film Ag:Bils(hexagonal phase)

impurity: Bi compositions
Turkevych et al.®*  Melt solidification ~ Powder Ag2Bils, impurity: Agl.
Hosseini et al.?!®  Spin coating Film Ag,Bils(hexagonal phase),
impurity: Bilsand Agl

4.2.2. Structure and phase

Intensity (a.u.)

5ID 7I5 160 155 1&0 1 1%5 200
Raman shift (cm™)

Figure 4.2. Raman spectral patterns of Ag.Bils perovskite films (Agl:Bilz=(1:0.45, 1:0.75,
1:095 and 1:1 M). Graphs are reused with the acceptance from Elsevier,
doi.org/10.1016/j.mtcomm.2020.101092.
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Figure 4.2 shows the Raman spectra of Ag2Bils perovskite films. The peaks are appeared
at wavenumbers: 45, 68, 87, 109, 152 and 160 cm™. Compared to Agl and Bils, AgzBils
perovskites reveal new peaks at 68 and 160 cm™. These lines might be due to the
asymmetric stretching of iodine atoms??%. Rest of the lines show a shift in the Raman peak
positions when compared to Agl and Bils powders. The peak: 87 cm™ corresponds to the
Ey mode of Bils!™ (unreacted precursor) and this result correlates with our XRD results.
There is a similarity in the spectrum of each case. The shift in the peak positions and the
arrival of new peaks can be treated as an indication of Ag2Bils perovskite phase.

4.2.3. Morphology

The as prepared and annealed film’s surface morphologies are captured using
FESEM (illustrated in Figure 4.3). An acceleration voltage of 2 kVV was applied. The
magnified (magnifications of 10 k and 25 k) images are shown in inset of each micrograph.
The surface morphology of 1:1 case is illustrated in Figure 4.3 (a) and (b). The as-prepared
film surface comprises plane like particles and annealed film consists of a uniform
distribution of rod-shaped-brighter particles. For 1:0.95 film (Figure 4.3 (¢ and d)), we
observed that as prepared film morphology is composed of randomly arranged particles
on its surface and the annealed film resembles the morphology of 1:1 film.
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Figure 4.3. FESEM images of Ag2Bils perovskite thin films (Agl:Bilz). As deposited films
(@ c, e, and g) and annealed films (b, d, f, and h) of 1:1, 1:0.95, 1:0.75, 1:0.45
concentrations, i) EDS analysis of 1:1 film (doi.org/10.1016/j.mtcomm.2020.101092).

The surface morphologies for 1:0.75 and 1:0.95-as prepared are similar (Figure 4.3 (e)).
The surface morphology of annealed-1:0.75 film consists of (Figure 4.3 (f)) spherical
particles. The pristine-1:0.45 film (Figure 4.3 (g)) is composed of spherical particles. In
contrast its annealed film morphology (Figure 4.3 (h)) comprises voids and randomly
distributed particles. Each heat-treated film has a different morphology and the
morphology of Bils film is entirely different from the Ag:Bils perovskite thin films
indicating the formation of new structures. Various kinds of morphologies have been
reported so far in the previous studies related to Ag2Bils phase. For example, Zhu et al.
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reported square-and flat-shaped clusters of particles for the AgzBils phase®. Hosseini and
co-workers reported that Ag2Bils film surface is composed of non-uniformly distributed
agglomerated particles?®. Khadka et al. observed that the antisolvent vapor assisted
annealing resulted in improved surface morphology of films??2. EDS analysis of our
AQ2Bils (1:1) film is given in Figure 4.3 (i). From the spectrum Ag, I and Bi elements
were detected. The low solubility of Agl precursor causes the deficiency of Ag in the

perovskite structure.
4.2.4. Elemental composition and chemical state

XPS analysis was conducted for the compositional and surface state studies of our
perovskite. An area ratio of 3:2 and 4:3 (for 3d and 4f respectively) was maintained during
peak fitting. Figure 4.4 shows the survey spectra of precursor powders, films and
perovskite films. The survey pattern of AgyBils film reveals the elements: Ag, Bi, [, and
C on its surface. As precursor concentration increases the peak intensities of Bi 4f and 1
3d also increase. The peak intensity of Ag 3d in SBI is low compared with Agl powder.
Low solubility of Agl and its resultant deficiency might be the reason for the Ag 3d peak
intensity reduction. High-resolution spectra of annealed AgzBils perovskite film (with 1:1

case) is given in Figure 4.5.

1 MN2

Intensity (a.u.)

Ag MN2

Ag3s
Ag3p
Ag3d

1200 1000 800 600 400 200 0

Binding energy (eV)
Figure 4.4. Comparison between the survey patterns of the precursors and Ag:Bils
perovskite (doi.org/10.1016/j.mtcomm.2020.101092).
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Figure 4.5. starts with the Ag 3d core level spectrum that consists of a doublet at
368.23 eV and 374.23 eV binding energy values (Ag 3ds;2 and Ag 3ds/2). These values are
corresponding to +1 state of Ag in Ag2Bils perovskite. High-resolution spectrum of Bi 4f
core level spectrum is composed of two singlets, namely, Bi 4f;> and Bi 4fs;2 and their
corresponding B.E. values are 159.09 and 164.4 eV. These B.E. values show the +3 state
of Bi in the perovskite. The high-resolution spectra of | 3d at 619.25 and 630.77 eV are
assigned to -1 oxidation state of I in AgzBils. The characteristic peak B.E., FWHM, area
ratio values of the perovskite are compared with the precursors and listed in Table 4.2.

Agdd s | [Bidf

368.23 eV
3d3j2 ( ; )
(374.23 eV)

41712
s/2 159.09 eV
164.4 eV
5B=531eV—}

e

Intensity (a.u.)

376 372 368 164 160 156
13d 3ds/2
3d3/2 (61 9.5 eV)
(630.77 eV) f
f SE=115eV

Binding energy (eV)

Figure 4.5. XPS high-resolution spectra of the AQ.Bils perovskite (1:1 case).
(doi.org/10.1016/j.mtcomm.2020.101092).

Table 4.2. The compound, peak binding energy, FWHM, area ratio and chemical states
for the corresponding deconvoluted peaks of precursors and Ag2Bils perovskite
(doi.org/10.1016/j.mtcomm.2020.101092).
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Ag 3d 368.2 Ag3ds.  0.88
(powder) Ag 3d 374.2 Ag3ds. 0.88 0.66 Ag+

| 3d 619.51 | 3ds/2 1.19 1 I

| 3d 631.01 | 3d32 1.19 0.66 I
Bilz Bi 4f 159.28 Bi 4172 1.05 1 Bi*
(powder) Bi 4f 164.59 Bi 4fsp 1.05 0.75 Bi®*

| 3d 619.4 | 3ds/2 1.29 1 I

| 3d 630.9 | 3d32 1.29 0.66 I
Bils Bi 4f 159.29 Bi 4f72 1.05 0.64 Bi*
(film) Bi 4f 164.6 Bidfs, 105 048 Bi%

| 3d 619.47 | 3ds/2 1.25 1 I

| 3d 630.97 | 3d32 1.25 0.66 I
Ag:Bils Ag 3d 36823  Ag3ds. 0.88 1 Ag*
(film) Ag 3d 37423  Ag3dy; 0.88 0.66 Ag*

Bi 4f 159.09 Bi 4f72 1.15 1 Bi®*

Bi 4f 164.4 Bi 4fs» 1.15 0.75 Bi%*

| 3d 619.25 | 3ds/2 1.24 1 I

| 3d 630.77 | 3ds2 1.24 0.66 I

A comparison between the etched and unetched samples high-resolution spectra is
shown in Figure 4.6 (at the top)). Figure 4.6 (at the bottom) shows the depth profile
analysis of AQ:Bils perovskite. The spectra altogether composed of the constituent
elements' (Ag, Bi and I) profiles. Ag2Bils film was removed by Argon ions in each cycle
during the etching process. After the first cycle of etching, metallic bismuth is detected.
The depth profile analysis of Ag 3d level shows its uniform distribution for the first 7"
levels. Bi 4f level’s depth profile reveals the metallic peaks of Bi. It might be due to the
argon induced effects. | 3d level’s depth profile displays its uniform distribution till the
seventh level (similar to Bi 4f level). In short, our perovskite depth profile analysis
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confirms the even distribution of its constituent elements until the seventh level. The
Ag:Bils was the main phase in the present study regardless of precursor concentration.
Similar results related to the Ag.Bils perovskite formation (at non-stoichiometric

conditions) have been reported in the previous reports®218219.223 ' Compositional results

obtained from XPS and EDS are listed in Table 4.3.

Intensity (a.u.)

Figure 4.6. Comparison between the high-resolution spectra of the Ag.Bils perovskite

(before and after etching (at the top)) and depth profile analysis (at the bottom).

Ag3d

AN

Bi4f

13d
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Before etching

376 374 372 370 368 36666 164 162 160 158 156

Binding energy (eV)

632 628 624 620 616

Bi4f

13d

376 372 368

164 160

156 630 625 620 615

ABinding energy (eV)

(doi.org/10.1016/j.mtcomm.2020.101092).

Table 4.3. Atomic percentage values of constituent elements obtained from EDS and XPS

analysis (1:1 film). (doi.org/10.1016/j.mtcomm.2020.101092).
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EDS analysis XPS analysis

Element Atomic percentage (%)  Atomic percentage (%)

Ag 4.30 3.85
| 67.16 68.32
Bi 28.15 27.83

4.2.5. Optical properties

The optical properties of the Ag»Bils perovskites were investigated from their respective
absorption spectra. Figure 4.7 (a) displays the absorbance spectra of all the pristine films.
Films show absorption edges around 570-590 nm. After annealing, a shift in the absorption
spectra is observed with an absorption edge in the range of 800-690 nm (Figure 4.7 (b)). A
sharp peak around 640-650 nm is found in all the cases and is a common characteristic of
iodide compounds??*. Oh et al. observed that AgBi.l7 perovskites have similar sharp peaks
in their absorption spectrum?®, 2.14 and 1.71 eV are the respected bandgap values
obtained for pristine and annealed films (1:1 case). The bandgap variations with the Bils
concentration reveal that it decreases with an increase in the concentration of precursor.
The improvement in crystallinity may be responsible for the reduction in bandgap for
higher concentrations. A comparison has done between the bandgap values obtained in
the present study with previous reports and are given in Table 4.4. The direct bandgap
value (1.71 eV) suggests that Ag,Bils perovskites can fit well among the family of lead-
free materials for different optoelectronic applications.

12 1.8 2.4

hv (eV)

Absorbance (a.u.)

500 600 700 800 900 1000 1100 1200
Wavelength (nm)
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Figure 4.7. Optical absorption spectra of (a) as prepared (b) annealed Ag2Bils perovskites
films. Tauc plot for 1:1 case is given in inset (doi.org/10.1016/j.mtcomm.2020.101092).

Table 4.4. Comparison between the bandgap values of the SBI in the present study with
earlier reported results (doi.org/10.1016/j.mtcomm.2020.101092).

Compound Bandgap type Bandgap values
(eV)
Present study AQ2Bils Direct bandgap 1.71
Jung et al.?%9 Ag:Bils Direct bandgap 1.83 and 1.88
Zhu et al.*® Ag:Bils Indirect and direct bandgap 1.62 and 1.85
Khazaee etal.®®  Ag:Bils Direct bandgap 1.9
Hosseini et al.?®  AgBils Direct bandgap 1.38-1.6

4.2.6. Photodetector device

Based on the above results, a photodetector device was fabricated and is schematically
illustrated in Figure 4.8 (a). Figure 4.8 (b) displays the photocurrent responses of SBI
films. The highest photocurrent value is observed for 1:1 film. Improved crystallinity,
surface morphology and appropriate band gap might be the reason behind this current
value. The device was illuminated with LEDs of different wavelengths (50 W) and the

corresponding photocurrent response was measured for 10 cycles to check the stability
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and reproducibility. The photocurrent-voltage (I-V) characteristics are shown in Figure
4.9(a).

0.4
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Figure 4.8. a) Schematic representation of the SBI photodetector b) I-t plot of SBI under
illumination with tungsten lamp (doi.org/10.1016/j.mtcomm.2020.101092).
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Figure 4.9.a) 1-V curves under dark and illumination with different wavelengths of LEDs,

b) switching behavior when the device was illuminated with different wavelengths of

LEDs, and c) photocurrent response of the device when illuminated with different power
densities of light (532 nm) (doi.org/10.1016/j.mtcomm.2020.101092).

The device detected a photocurrent when the light source was switched on. A bias

voltage of 5 V was used in the entire measurement. Dark current values are detected in

the range 0.007-0.019 nA whereas a noticeable photocurrent response in the range 0.049-

0.234 nA is detected under illumination (given in Figure 4.9(b)).
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Figure 4.10. The sensitivity versus wavelength plot for Ag.Bils photodetector
(doi.org/10.1016/j.mtcomm.2020.101092).

90



CHAPTER4 /I FABRICATION OF AG2BII5 PEROVSKITE THIN FILMS FOR PHOTODETECTOR APPLICATION

For any device, its stability and reproducibility are essential parameters for
evaluating its performance. Thus, the device was illuminated with the light source which
was alternatively turned on and off. The photodetector shows high reproducibility and
stability during the switching process. The photodetector's sensitivity values towards
different wavelengths of illumination from LEDs are calculated according to equation
(4)(see section 1.5) and are tabulated in Table 4.5. The device shows good selectivity

towards different wavelengths of light (Figure 4.10).

Table 4.5. Sensitivity values of Ag:Bils photodetector using LEDs of different
wavelengths (doi.org/10.1016/j.mtcomm.2020.101092).

Wavelength ldark (NA) light (NA) Sensitivity (%0)
(nm)
465 0.009 0.204 2166.6
520 0.009 0.155 1622.2
590 0.009 0.128 1322.2
620 0.019 0.118 521.05
740 0.009 0.049 4444
Tungsten 0.007 0.234 3242.8

Further, we calculated the photodetector's responsivity using the equation (3) (see section
1.5). Figure 4.9 (c) illustrates the photocurrent response corresponds to different power
densities of light. Figure 4.11 displays the plot of the device's sensitivity and responsivity

towards light of different wavelengths and the values are tabulated in Table 4.6.

Table 4.6. Sensitivity and responsivity values of SBI photodetector at different power
densities of light (doi.org/10.1016/j.mtcomm.2020.101092).

Power density | ldark (NA) | light (NA) | Sensitivity | Responsivity
(mW/ cm2) (%) (A W)x109

0.7326 0.9741 32.96
3.8 0.7298 1.1017 50.95 389
5.7 0.7325 1.205 64.50 303
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Figure 4.11. Sensitivity and responsivity of the SBI photodetector as a function of power
density (doi.org/10.1016/j.mtcomm.2020.101092).

It is observed that the photocurrent increases with the intensity of incident light.
In contrast, the responsivity decreases with an increase in light intensity. The reduction in
responsivity of the device may be due to the non-uniform surface coverage and the
presence of trap states. It leads to the recombination of carriers and suppression of the

transportation of photocarriers?2°-2%,

4.2.7. Stability study

Further, we investigated the stability of Ag.Bils perovskite by exposing them to the open
atmosphere for seven days. We observed a slow degradation of the samples after each day.
Also, a color change was observed from black to grey. Compared to the smooth and shiny
surface of freshly prepared films, 1-week old sample appeared with powdery surfaces.

Structural stability studies are done by analyzing their XRD patterns (shown in Figure
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4.12 (a)). It is evident from XRD results that almost all the peak intensities are reduced,
the peak corresponding to (104) plane is vanished and the silver oxide peak is appeared.
Figure 4.12 (b) portraits the surface morphology of the 1-week old sample (1:1 case).

From morphology study, pinholes are observed, indicating the reduction in surface

coverage.
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Figure 4.12. Seven days air exposed Ag-Bils perovskite thin film a) XRD pattern b)
FESEM image (1:1 film) (doi.org/10.1016/j.mtcomm.2020.101092).

Based on the above-mentioned results we can summarize that the variation of
precursor concentration effects on the structure, morphology, and optoelectronic
properties of AgyBils perovskite. XRD results revealed the formation of the hexagonal-
Ag:Bils phase. Raman spectra for the perovskite thin films confirmed the phases and
structure present in the film. 1:1 case showed a uniform surface morphology with fewer
voids. Better structure, morphology and optoelectronic properties were tunable by
changing precursor concentration. A direct bandgap value of 1.71 eV was obtained for 1:1
film. A photodetector device was developed, and it showed excellent reproducibility,
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stability, and sensitivity in the visible region. Thus, this lead-free perovskite has promising

future for the optoelectronic and photovoltaic application.
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Chapter 5

Fabrication of Cu.Bils perovskite thin films for

photodetector application

5.1. Introduction

During this rapid development of silver bismuth iodides, as an alternative to Pb,
copper also grabs more attention very recently. Its non-toxicity and high charge carrier
mobility promote it to use in the replacement of lead*>*3® and so far studies related with
copper bismuth iodide (Cu-Bi-I) perovskite system are less in number. Only a few studies
related to CuBils perovskites are reported so far. The first report about CuBils was made
by Fourcroy et al. in 1991 where they investigated the structure of CuBil% In 2018,
Zhaosheng et al. synthesized CuBils by solution processing method using Cul and Bilz
powders®. In the same year, Zhang et al. synthesized CuBil4 by an in-situ reaction of Cu-
Bi alloy with I, at room temperature without using any organic solvent. A photovoltaic
device with structure: ITO/CuBils:Spiro-MeO-TAD/Au produced a PCE of 1.119%".
Thus, new synthesis techniques and their properties studies are necessary for the further
development of this material. This chapter deals with the fabrication of copper bismuth
iodide (CBI) thin films. The structure, phase, surface morphology, composition, optical
properties of the Cu2Bils are investigated in detail. A photodetector device was developed
based on copper bismuth iodide and the wavelength dependency of photocurrent is
studied.

95



CHAPTERS5 /I FABRICATION OF CU2BII5 PEROVSKITE THIN FILMS FOR PHOTODETECTOR APPLICATION

5.2. Results and discussions

5.2.1. Structure
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Figure 5.1. XRD patterns of a) as prepared and b) annealed CBI thin films with various

copper thicknesses.

Figure 5.1 shows the diffraction patterns of as prepared and annealed CBI
perovskite films with different copper thickness. XRD patterns of CBI thin films with
various copper thicknesses are compared with the standard database with JCPDS number
00-046-0608. After the comparison with the standard databases of the Cu-Bi-I system, the
diffraction peaks at 26 values: 12.65°, 24.1°, 25.5°, 29.25°,41.7°, and 42.11° are matching
well with the hexagonal Cu2Bils structure. The as prepared CBI films have diffraction
peaks at 20 values: 12.65°, 25.5°, 29.25°, 41.7°, and 42.11° which are assigned to (003),
(102), (104), (110), and (108) crystal planes. In addition to these diffraction peaks, a low
intensity peak of Bils is observed at 27.04°. Copper thickness has a vital role in the
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crystallinity and the formation of Cu2Bils perovskite. For the lowest thickness of copper
(10 nm) comparatively high intense diffraction peak of Bilz is detected. With the gradual
addition of copper (50, 80, and 100 nm), diffraction peak intensity of Bils at 27.04° is
decreased considerably with the complete formation of CuzBils. With the increase in
copper thickness, the characteristic diffraction peaks of Cu2Bils at 20 values: 12.65°,
25.5°, 42.11° show a gradual increment in intensity with the suppression of Bils diffraction

peak indicating the vital role of Cu thickness in the ternary perovskite formation.

Upon annealing of CBI thin films at 100 °C for 30 min, the diffraction peak at
12.65° disappears for the 100 nm case. New peaks appear at 24.1° for 10 and 100 nm cases
of CBI films. Also, the diffraction peak at 41.7° vanishes for 80 and 100 nm cases.
Interestingly all the annealed films show pure Cu2Bils phase without any binary phases
(Cul or Bils), suggesting that annealing facilitates the removal of the Bils impurity phase
from the Cu2Bils perovskite structure. Our observations are matching with the annealing
effect on the structure of silver bismuth iodide system and according to their study Bils

was removed entirely from the sample after annealing®.

The reaction mechanism based on our experimental studies and Cu2Bils phase
formation can be described as follows. We assume that the formation of copper iodide
occurs when Cu reacts with iodine from Bils. An immediate reaction between this copper
iodide and Bilsleading to the formation of Cu.Bils phase. The exact formation mechanism
of CuzBils perovskites is still unknown and more relevant studies are necessary for a better
understanding. Like Ag2Bils: one formed via solid-state reaction irrespective of the
precursor concentration?8219223 our Cu,Bils perovskite formation is also independent of
the precursor composition. It is found that CuzBils is the dominant phase irrespective of
copper thickness and our observations are matching with the studies related with Ag2Bils
perovskites. The reaction mechanism that we proposed for Cu.Bils perovskites can be

written as follows,

2Cu+ L(fromBil;) = 2 Cul (15)

2 Cul + Bil; - Cu,Bils (16)
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5.2.2. Structure and phase

Figure 5.2 shows the comparison between the Raman spectra of the as prepared
and annealed CBI thin films. According to the present scenario, Raman spectra of the Cu-
Bi-1 system have not been reported so far. Four common peaks are detected in the Raman
spectra and situated at 44, 52, 83, and 112 cm™. For both as prepared and annealed films,
the most intense peak is located at 112 cm™. Raman peak at 150 cm™ may be contributed
from the second-order Raman line from Bils!"41™2%and it disappears for the annealed
samples. This result is in a good correlation with our XRD results. Compared to Raman
spectra of precursor films, CBI perovskite thin films show a systematic shift in the position
of peaks by one or two wavenumbers. These peak shifts can be considered as the formation
of the ternary phase.
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Figure 5.2. Raman spectra of a) as prepared and b) annealed CBI perovskite thin films.
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5.2.3. Morphology

Surface morphologies of Cu2Bils perovskite thin films were taken using FESEM
and the micrographs of pristine and annealed samples with their magnified images are
given in the inset of Figure 5.3. All the images were taken with an acceleration voltage of

2 kV in the secondary electron mode (SE) at magnifications of 10 and 25 k.
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Figure 5.3. FESEM micrographs of Cu2Bils perovskite thin films formed with different
Cu thicknesses, a) pristine 10 nm, b) pristine 50 nm, c) pristine 80 nm, and d ) pristine 100
nm and films and e) annealed 10 nm, f) annealed 50 nm, g) annealed 80 nm, and h)

annealed 100 nm.

H Ao A NOTRoP

Figure 5.4. FESEM images of Bilsz thin films a) pristine and b) annealed at 100°C.

FESEM micrographs of pristine and annealed CBI perovskite thin films are
compared. All the pristine films show distinct surface morphologies for different copper
thicknesses. Figure 5.3 (a) shows the morphology of the CBI perovskite thin film with the
lowest copper thickness (10 nm). It has a compact surface morphology with irregularly
shaped agglomerated particles that are distributed randomly. For a 50 nm copper thickness
case, the pristine CBI perovskite thin film reveals a better surface coverage and is
composed of plane like structures (Figure 5.3 (b)). In the case of 80 nm, its surface
morphology (Figure 5.3 (c)) is composed of corals-like agglomerated particles. As the
copper thickness is increased to the highest value (100 nm) comparatively, compact
surface morphology is observed (Figure 5.3 (d)). In this case, surface morphology is
appeared as a compacted version of the 50 nm case surface, with plane like structures
pointing out of the surface. When the copper content is increased surface morphology of
CBI thin films is improved and became denser. The surface morphology of thin film has
a crucial role when a semiconductor material is considered for application purposes.
Because when the film has better surface coverage and compactness, the photoinduced
charge carrier transfer will be enhanced, and it will reflect in the high performance of the

device.
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Surface morphologies of annealed CBI thin films are displayed in Figure 5.3 (e, f,
g, and h). A completely different morphology is observed for annealed CBI film compared
to the as prepared samples. The surface morphology of Cu2Bils perovskite thin film is
affected by copper content and temperature. When 10 nm Cu CBI thin film was subjected
to annealing, the surface morphology changes from shapeless particles into small rod-like
structures (Figure 5.3 (€)). As we increased the copper thickness from 10 nm, that is, 50
to 100 nm, the surface becomes denser and compact for all the annealed samples (Figure
5.3 (f, g and h). From the SEM micrographs, it is understood that annealing promotes the
reduction of Bilz impurity present in our samples. Because the surface morphology of Bils
films is (both pristine and annealed) composed of plane-like structures (Figure 5.4) and
these kinds of structures are observed only for pristine CBI samples. It is evident from the
SEM images of Bils and CBI films that, the two-step deposition method for CBI thin films
resulted in compact and homogeneous surface morphologies. Optoelectronic properties of
the perovskites are highly influenced by their surface morphologies, one of the most
important factors for solution-processed perovskite formation is concentrating on the
overall surface coverage with least pinholes and voids3*. Thus, our strategy of combining
both spin coating and thermal evaporation methods resulted in good quality films with

better surface coverage.
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Figure 5.5. EDS mapping of as prepared CuzBils thin films with a Cu thicknesses of 80

nm.
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Figure 5.6. EDS mapping of annealed CuBils thin films with a Cu thickness of 80 nm.

Energy dispersive X-ray mapping was done to study the elemental distribution and
composition of as prepared as well as annealed CBI (80 nm) samples (Figure 5.5 and
Figure 5.6). In the EDS analysis elements such as Cu, Bi, I, Si, and C are detected. We
noticed that Cu, Bi and I are uniformly distributed over the film surface. Table 5.1 shows

the atomic percentage values, Cu to Bi and | to Bi ratios.

Table 5.1. Atomic percentage of the elements: Cu, Bi, and | obtained from EDS mapping.

As prepared CuzBils Annealed CuzBils
perovskite perovskite
Element  Atomic Cu/Bi I/Bi Element  Atomic Cu/Bi I/Bi
percentage  ratio ratio percentage  ratio ratio
Cu 10.70 Cu 15.18
Bi 9.32 1.14 6.55 Bi 7.92 1.91 6.64
I 61.09 I 52.62
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5.2.4. Optical properties

Optical absorbance of all the CBI films were measured in the wavelength ranging
from 500-2500 nm and the absorption spectra (of as prepared and annealed CBI thin films)
are illustrated in Figure 5.7. We observed that the absorption spectra of as prepared CBI
thin films have absorption edges in the Visible-NIR region around 632-911 nm. Annealed
films show absorption edges in the onset around 710-810 nm. From the optical absorption
spectra, it is evident that the black colored CuzBils perovskite thin films can absorb light
from the visible to NIR region. This feature will help Cu.Bils perovskites to put their

fingerprint for sunlight harvesting and other optoelectronic applications.
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Figure 5.7. UV-Vis absorption spectra of as prepared and annealed CBI films with
different copper thickness: 10, 50, 80, and 100 nm.
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Figure 5.8. Direct Tauc plots for as prepared CBI films with different copper thickness:
10, 50, 80, and 100 nm.
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Figure 5.9. Direct Tauc plots for annealed CBI films with different copper thickness: 10,
50, 80, and 100 nm.

A good linear fit for (ahv)? versus hv is obtained for Cu,Bils perovskites implying
that the allowed transition is direct. Direct bandgap values for all the cases are calculated
from their respective Tauc plots and are given in Figure 5.8 and Figure 5.9. As prepared
films show direct bandgap values (Figure 5.8) ranging from 1.96 to 1.36 eV, annealed
films reveal values range from 1.74 to 1.53 eV (Figure 5.9). The wider bandgap values
obtained for pristine CBI thin films might be due to the excess Bils impurity phase. Also,
for both as deposited and annealed films of Cu2Bils perovskite thin films, the bandgap

values are tunable and by varying the copper thickness.
5.2.5. Photodetector device

The above-mentioned results motivated us to develop a Cu2Bils photodetector
device. Ag electrodes with dimension 5x5 mm were painted using silver paint as shown
in Figure 5.10(a). Photocurrent response of all the CBI thin films were examined by
irradiating them with tungsten lamp and LEDs (465, 520 and 590 nm) at a bias of 0.2 V.
All the samples were kept under dark for 10 minutes before measurements. A 20 s of time
interval was programmed for measuring current in dark followed by illumination and
again under dark conditions. Before the photocurrent measurements, the illumination from
the light sources was guided carefully for getting the maximum coverage of the entire
device area for better responses. The same dimension for Ag electrodes was maintained
for all the CBI samples. As evident from Figure 5.11 that all the films are photoconductive.
It is revealed from the figure that when excited with incident photons, the photocurrent
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shows an increase under illumination and suddenly goes to a low value under dark

conditions.

Reproducibility and stability are essential factors when considering the device’s
practical applications. Thanks to the compact morphology and good absorption in the Vis-
NIR region of CuzBils perovskites, the photodetector showed high reproducibility and
stability when irradiated with different wavelengths of light from LEDs (shown in Figure
5.12). The photocurrent response graphs of Cu:Bils photodetector produces a high
photocurrent and returned to a low photocurrent value when the light is alternatively
turned on and off. The device can operate at a lower bias voltage of 0.2 V. It is observed
that CBI 10 case possesses a different photoresponse shape than other cases. It might be
due to the lesser amount of copper atoms compared to other cases. As the copper
concentration in the perovskite structure increases the effective electric field also
increases. It causes the reduction in trapping of charge carriers**° and leads to a high

photocurrent value.

Incident photons

Figure 5.10. Schematic diagram of Cu2Bils photodetector.

Sensitivity is one of the important parameters of a photodetector and we calculated the
device sensitivity towards different wavelengths of light using the equation (4) (see
section 1.5) and is tabulated (Table 5.2). Figure 5.13 illustrates the wavelength-dependent

sensitivity of CuzBils photodetector.
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Figure 5.11. Switching behavior of Cu.Bils photodetectors when illuminated with
Tungsten lamp.
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Figure 5.12. Photocurrent response of Cu2Bils photodetector when illuminated with
different wavelength of light from LEDs.
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Table 5.2. Sensitivity measurements of CuzBils photodetectors towards different
wavelengths of light from LEDs at a bias voltage of 0.2 V.

Wavelength  ldark light (NA)  Sensitivity
(nm) (nA) (%)
'CBI10 465 0112 018 6071
520 0.11 0.14 27.27
590 0.11 0.13 18.18
CBI 50 465 59.2 104 75.67
520 59 79 33.89
590 54 65 20.37
CBI 80 465 198 500 152.52
520 185 290 56.75
590 108 158 46.29
CBI 100 465 88 143 62.5
520 88 97 10.22
590 88 92 4.54
200

—
h
=

Sensitivity (%)

460 480 500 520 540 560 580
Wavelength (nm)

Figure 5.13. Sensitivity of Cu.Bils photodetector as a function of wavelength of light.
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5.2.6. Stability study

A detailed investigation on the stability of Cu2Bils perovskites was done. For this,
Cu2Bils perovskite samples were exposed to open atmospheric conditions for 30 days. The
XRD patterns of 30 days old CBI thin films are given in Figure 5.14 (a). A comparison
between the XRD patterns of fresh and 30 days old CBI 50 films is done Figure 5.14 (b).
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Figure 5.14. XRD patterns of a) annealed films after 30 days of exposure to open
atmospheric conditions and b) annealed and 30 days old CBI thin films with 50 nm Cu

thickness.

In addition, the diffraction peak at 12.65° disappears for all the 30 days old CBI
thin films. The diffraction peak intensity of (101) crystal plane is reduced compared to the
freshly annealed samples. Interestingly, the diffraction peak intensities at 25.5° of all the
30 days old samples show a gradual increase. On the other hand, the diffraction peak
intensity of the characteristic peak of CuzBils at 29.25° appears with a significant increase
in its peak intensity especially for 10 and 50 nm samples. Also, a progressive increment
in the intensities of diffraction peaks at 42.1° and 49.9° is observed. After 30 days of
exposure to ambient atmospheric conditions, the diffraction intensities of most of the Cu-
2Bils peak show a gradual increase. The presence of BiOl in 10 and 50 nm cases cannot
be neglected, and it might be due to the sample’s exposure to atmospheric air and a lesser
amount of Cu atoms (copper deficient Cu.Bils). Thus, the exposure period has a
pronounced effect on the crystallinity and nucleation growth for the Cu2Bils perovskites.
More studies are necessary to understand the structural-stability properties of CuzBils

perovskites for its further development.

Raman spectra were collected for 30 days old samples to analyze any phase
structure changes after exposure to ambient atmospheric conditions (shown in Figure
5.15). Compared to the freshly prepared samples, 30 days old samples of Cu thicknesses
10, 50, and 80 nm showed new Raman lines at 57, 68 and 94 cm™. These peaks might be
attributed to the new peaks of 30-days old Cu.Bils perovskite, which we observed in the
XRD patterns ( Figure 5.14 (a)). The most intense peak detected for fresh samples (at 112
cm™) is observed only for 100 nm Cu thickened sample. Raman peak at 102 cm™ is
detected for 10 and 50 nm samples only and is attributed to the BiOl phase?®!, matching
our XRD results well. The peak intensity corresponding to BiOl phase completely
vanished for 80 and 100 nm samples. These results are in good accordance with our XRD

results.
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Figure 5.15. Raman spectra of 30 days old CBI perovskite thin films.

To investigate the morphological stability and the effect of storage life on the
surface morphology of Cu2Bils perovskite thin films, we captured FESEM images of 30
days old samples (samples exposed to ambient atmospheric conditions). Their FESEM
images (given in Figure 5.16) were compared with that of the freshly annealed samples.
Interestingly even after exposure, all the CBI thin films maintained dense and compact
surface morphologies with fewer pinholes. This result encourages us to hope that CuzBils

perovskite can be a potential candidate for Pb-replacement for future optoelectronic
applications.
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Figure 5.16. FESEM micrographs of 30 days old Cu.Bils perovskite thin films formed
with different Cu thicknesses a) 10 nm, b) 50 nm, ¢) 80 nm, and d) 100 nm.

The optical absorption spectra of the 30 days exposed samples were collected to
check the stability and are given in Figure 5.17. We did not observe significant visual
changes on the surface of the samples. Shiny surfaces of CBI 10 and 50 nm films were a
little bit powdery, while CBI 80 and 100 nm films were smooth and shiny to the naked
eye. Thus, copper content also plays a vital role in maintaining the stability of Cu.Bils
perovskite thin films. From the optical absorption spectra of 30 days old samples, we
observed a relatively small shift towards lower wavelengths in the absorbance curve for
each case compared to freshly annealed samples. Our optical properties of 30 days old
CBI thin films are in a good correlation with structural and morphological results. The
vanishing of certain peaks in XRD results and BiOl impurity phase formation might be
the reason for this shift. Even after exposure to open atmospheric conditions, CBI thin

films are stable since they can absorb light in the visible-NIR zone.
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Figure 5.17. UV-Vis absorption spectra of 30 days old CBI films with different copper
thicknesses: 10, 50, 80, and 100 nm after exposure to ambient atmospheric conditions.

Additionally, the photocurrent response of 30 days old samples was examined. As
evident from Figure 5.18 that 30 days old CBI samples are photoconductive and show
stable and reproducible photocurrent. This stable, rapid photocurrent response dynamics
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during the switching process and high reproducibility features of newly presenting

Cu2Bils photodetector indicate their suitability for future optoelectronics applications.
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Figure 5.18. Switching behavior of 30 days old Cu.Bils photodetectors when illuminated
with Tungsten lamp.
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Chapter 6

Summary and outlook

This chapter presents a summary of the results of this thesis. These are from the synthesis
and characterization of binary iodides and newly emerging lead-free ternary perovskites

and their optoelectronic applications presented in chapters 3 to 5.
In summary,

v" Phase pure rhombohedral Bils thin films were fabricated via spin coating method. 1 M
concentration was used for this purpose and a film of 450 nm thickness with a direct
bandgap of 1.67 eV was obtained. Bilz-based photodetector was developed and its
wavelength dependency on the photocurrent was investigated. The device performance
was good in the visible zone with high sensitivity and responsivity. We found that the
power density of incident light influences the photocurrent response of our device.

v' Phase pure Sblsthin films were fabricated via low-temperature iodization of Sh,Ss thin
films for the first ever time. Their structure, morphology, elemental composition,
optical and electrical properties were highly influenced by the film thickness of Sb,Ss
and iodization time. We found that 2 h deposition of Sh,Szand 120 s of iodization were
the optimum experimental conditions for Sbls thin films with better optoelectronic
properties. Their direct bandgap values varied from 2.45 to 2.05 eV with iodization
times. Compact and surface morphologies with fewer-voids and uniformity of films
were our other encouragement factors to study their optoelectronic properties. Thus,
the material was successfully explored for the photodetector application. We propose
this material as a promising candidate for future optoelectronic applications.

v’ Structure, morphology, and optical properties of Cul and Agl thin films were
investigated as a function of their respective metal film (Cu/Ag) thickness. The
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crystallinity of films improved with an increase in the thickness of precursor material
(Cu and Ag) and all of them showed high transparency in the visible region. The two-
step fabrication method of Cul and Agl resulted in high-quality, uniform thin films and

could be useful for future optoelectronic and photovoltaic applications.

v Ag2Bils perovskite thin films were prepared using Agl and Bilz powders via spin
coating method. Their structure, morphology, composition, optical and electrical
properties were investigated for different Bilz concentrations while Agl concentration
was kept constant. The precursor concentration affected the overall properties of the
perovskite. We found that the 1:1 molar concentration of Agl and Bils is the optimum
synthesis condition for the formation of Ag:Bils phase with better structure,
morphology and optoelectronic properties. As different characterization techniques
confirmed our findings, Ag2Bils photodetector was developed. The appreciable direct
bandgap value of the synthesized material (1.71 eV) showed a device with good

reproducibility.

v’ Last but not least, we introduced a bismuth iodide-based new perovskite material:
copper bismuth iodide. We incorporated metallic copper into the spin coated Bilz thin
film utilizing the advantage of a thermal evaporator. For the first time, we produced a
new phase for the Cu-Bi-I system: CuzBils. A detailed investigation of the influence of
Cu thickness on the properties of CuxBils perovskite thin films was done. The actual
mechanism for the perovskite formation still needs more detailed investigation. A
phase pure CuzBils perovskites formation was favored mostly by 80 nm Cu thickness
and an annealing temperature of 100 °C (annealing time: 30 min). A noticeable
improvement in the surface morphology for the perovskite thin film was attained as we
increased Cu thickness. Direct bandgap values ranging from 1.74-1.53 eV was
obtained. These band gap values are favorable for the absorption of entire visible light.
The structure, morphology, and optoelectronic properties were tunable by changing the
precursor film thickness. A photodetector device with good reproducibility and
stability is highly motivating for its future development for optoelectronic applications.
We did a detailed stability study for Cu,Bils thin films and surprisingly all the 30 days

old samples showed good surface morphologies with absorption in the Vis-NIR region.
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In general, this thesis work be an encouragement for developing lead-free
perovskite materials for optoelectronic applications. The present study gives more insight
into the synthesis of new perovskite as well as binary compounds. It can be considered as
an initiative for lead-free materials for optoelectronic applications. A comprehensive and
thorough investigation carried out in the entire research period can inspire others to
investigate these materials further, thereby understanding more about a better, pollutant-
free ambiance. The results demonstrated in this thesis work can open further possibilities
for exploring new materials. The optimization conditions employed here will energize the
material research community to develop novel materials for optoelectronic and

photovoltaic applications of lead free, stable perovskites.
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