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ABSTRACT 

Metal halide perovskites have recently emerged as one of the fastest growing 

photovoltaics technology. In the span of a decade, the efficiencies of these solar cells 

have increased from a mere 3.8% to 25.5%. Perovskite solar cells have developed as a 

technology with competitive efficiency values, facile synthesis methods and great 

potential, to either replace or be used in conjunction with silicon solar cells. In this 

respect, the most successful candidates are the lead halide perovskites, in particular, 

methylammonium lead triiodide (MAPbI3). Despite this progress, these hybrid organic-

inorganic lead halide perovskites have stability and toxicity issues. The film is sensitive to 

humidity and oxygen, the organic cations are volatile and lead ions are toxic in nature. 

Hence, there is a need to develop non-toxic alternatives to lead halide perovskites, and 

improve their stability and efficiency for solar cell applications. 

The recent development of double perovskites has proven as a viable alternative to lead 

halide perovskites. One of the materials gaining importance in this respect is the 

Cs4CuSb2Cl12 (CCSC) double perovskite. CCSC has exhibited high photo- and thermal-

stability, is tolerant to humidity and has a suitable bandgap. This makes CCSC a potential 

candidate to be used as an absorber material in solar cells. However, to better comprehend 

the utility of this material, it is important to understand the nature of its bandgap and its 

excited state dynamics. Here, we have synthesized the microcrystals of CCSC, 

investigated its band structure and using femtosecond transient absorption spectroscopy, 

we have explored the relaxation rates and pathways of hot-carriers in this material. An 

understanding of the hot carrier relaxation process in CCSC is essential to gain valuable 

information on its intrinsic carrier dynamics and applications for the development of hot 

carrier solar cells.  
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1.1. Introduction 

Energy production is one of the basic requirements for the sustenance of mankind on 

earth. Energy is required for transportation, residential, industrial and commercial 

purposes. As the world population keeps increasing, energy consumption is only bound to 

increase in the coming years. Our global energy need at present is about 15 TW.1 Nearly 

81% of this energy comes from fossil fuels, 16% from renewable energy resources (with 

a major contribution from biomass) and about 3% from nuclear energy (Figure 1.1).2  

 

Figure 1.1. Contribution of different sources to our energy consumption.2 

Worldwide, fossil fuels form the major energy source which has been used for more than 

a century to help meet our ever-increasing energy demands. This involves burning of 

fuels such as coal, petroleum and natural gas in order to obtain energy for our day-to-day 

activities. Fossil fuels are obtained from the dead remains of plants and animals which 

have been compressed and decomposed over millions of years. However, the current rate 

at which this resource is being consumed far exceeds the rate of its production. Hence, 

they are non-renewable sources of energy. In addition to this, burning of these fuels 

results in the release of toxic gases such as sulphur dioxide, nitrogen oxides, volatile 

organic compounds etc., thus contributing to environmental pollution. These fuels are 

also majorly responsible for releasing CO2 into our atmosphere, further adding to the 

growing concerns of global warming.2 These reasons have propelled the urgent need for 

eco-friendly and renewable alternatives to fossil fuels. While nuclear energy is a strong 

contender to renewable energy sources, the radioactive waste left from its use and the 

sheer danger that nuclear power plants pose, has limited its utility.3 Over the past few 
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years, greater attention has been drawn towards solar, wind and water as sources of 

energy generation.  

Figure 1.2 shows a comparison in terms of the total amount of energy available from 

different sources. Out of the renewable sources of energy, wind is the most abundant in 

terms of its availability (after sunlight), and only a small portion of energy is available 

from hydro-power. However, at present, hydro-power is more widely used as compared 

to wind energy. This means that a much larger proportion of our available water resources 

have already been put to use for obtaining energy, while a large part of the wind resources 

remain untapped. In comparison to these renewable energy sources, there is a large 

availability of fossils and uranium reserves, which would be sufficient to meet our energy 

demands for several years to come. This however, doesn’t rule out the environmental 

impact of the use of fossil fuels. Additionally, the total amount of fossil fuels available for 

use will eventually decrease with every passing year, while renewable energy resources 

replenish every year and hence would remain nearly constant.2,4,5  

 

Figure 1.2. Proportion of energy available from different sources.4 

In contrast to all other sources of energy, solar energy appears to be the most promising 

energy source due to its sheer abundance, which overshadows the available reserves of 

fossil fuels, nuclear as well as other renewable energy sources. The amount of energy 

from sunlight absorbed by the atmosphere in one hour is sufficient to meet the world’s 

energy demands for an entire year. Solar energy offers relatively easy strategies to 

convert light to electricity. This results in sunlight having the maximum potential to meet 

our energy demands, with a need for greater focus on harnessing this energy in order to 

attain the maximum output.6 
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1.2. Emergence of photovoltaics 

The field of photovoltaics emerged with the discovery of the photovoltaic effect by 

Alexandre Edmond Becquerel in 1839.7 He observed that on illuminating platinum 

electrodes immersed in an electrolyte, current and voltage were generated and this was 

directly related to the strength of the illumination. This was followed by Willoughby 

Smith’s observation of photoconductivity in selenium in 1873. The photovoltaic (PV) 

effect was discovered in an all solid-state material for the first time by William Grylls 

Adams and his student, Richard Evans Day in 1877, where they observed the generation 

of current on irradiating the junction of selenium and platinum with light.8 Eventually, the 

development of the first selenium-based solar cells took place in 1883 by Charles Fritts, 

which had a power conversion efficiency of 1%.9 Though at this stage photovoltaics 

seemed to be a very promising energy source, there wasn’t enough knowledge in terms of 

the mechanism which led to the observed behaviour. In addition to this, the use of fossil 

fuels gradually increased with a greater ease of extraction of energy.  

In 1905 a theoretical understanding of this phenomenon was provided by Albert Einstein, 

known as the photoelectric effect, which led him to win the Nobel Prize in Physics in 

1921. The practical applications of solar cells came into effect with the discovery of the 

silicon p-n junction in 1941 by Russell Shoemaker Ohl. Studies in the Bell Laboratories 

by Gerald L. Pearson, Daryl M. Chapin and Calvin S. Fuller in the 1950s further led to 

the development of silicon solar cells, thus boosting the field of photovoltaics.10 The 

major drawback of this technology was that it was extremely expensive to be used for 

commercial purposes. While efforts were ongoing to make this technology feasible for 

practical use, the space race in the 1950s and 1960s tremendously boosted the use of solar 

cells for space applications. Solar cells began to be extensively used in space crafts and 

satellites, as it was economically more feasible to have power being generated from these 

cells in comparison to the stored energy from battery systems. Advancements in this front 

led to a switch from silicon solar cells to gallium arsenide (GaAs) for space applications, 

in the 1990s. The efficiency offered by GaAs solar cells is much greater than that of the 

traditional silicon solar cells and this gave rise to the development of the thin-film solar 

cell technology.11 

In 1961, a study by William Shockley and Hans-Joachim Queisser established the 

maximum theoretical efficiency of a p-n junction solar cell with a 1.1 eV bandgap as 
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30%.12 Among other assumptions, this model assumed radiative recombination as the 

only mechanism for energy loss in the solar cell. Using a global solar spectra and a back 

surface mirror, the maximum efficiency limit for a solar cell with 1.34 eV bandgap was 

increased to 33.7%.13 This value is known as the Shockley-Queisser (SQ) limit. Since 

then, efforts are ongoing to exploit the existing PV technologies in order to reach as close 

as possible to this theoretical limit. 

1.2.1. Different generations of solar cells 

Over the years, with the growth of the photovoltaics industry, solar cells have been 

segregated into different generations based on the timeline of their discovery and type of 

technology (Figure 1.3).14 The traditional crystalline silicon wafer solar cell technology 

forms the first generation of solar cells. The rooftop solar panels are made of these cells. 

Their efficiency values have increased to 26% over the years (Figure 1.4).15 Silicon solar 

cells can be either monocrystalline or polycrystalline in nature. Monocrystalline silicon 

solar cells are produced from a single crystal of silicon, whereas polycrystalline silicon 

solar cells are made from multiple silicon fragments melted together. The efficiency of 

monocrystalline silicon solar panels is relatively higher than that of the polycrystalline 

one, but their production is more energy consuming in nature. Silicon solar cells have 

been successful due to the abundance of the raw material, suitable band gap (towards the 

lower side of the solar spectrum), moderate to good power conversion efficiency (PCE) 

values and their longevity. However, their major drawback is their long energy payback 

time. Energy payback time refers to the number of years it takes for a solar power plant to 

regain energy that has been consumed during the production of the solar cells. In this 

respect, developing silicon solar panels is an energy intensive process and its energy 

payback time ranges from one to four years depending on the method of production and 

location of installation of the plant. Additionally, their manufacturing process is costly 

and the cells are heavy and rigid.16 

The second generation of photovoltaic cells is known as the thin-film solar cell 

technology. These cells were developed to overcome the drawbacks of the first generation 

of solar cells in terms of their rigidity and expensive manufacturing process. Solar cells in 

this category are usually a few micrometers thick (hence referred to as thin films), 

resulting in light-weight and flexible photovoltaic devices.17 Amorphous silicon, cadmium 

telluride (CdTe) and copper indium gallium selenide (CIGS) form a part of this generation 
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of devices. Production of amorphous silicon is easier as compared to crystalline silicon, 

but the film is unstable and the device has a low PCE. CdTe and CIGS have an optimal 

band gap, between 1.2-1.7 eV, which covers a wide range of the solar spectrum and have 

attained efficiencies of 22%.15 However, these solar cells utilise metals with low 

abundance which are heavy and toxic, thus raising serious concerns in terms of scalability 

of this technology. The production of these cells also results in the consumption of large 

amounts of energy, they have lower efficiencies as compared to the first generation of 

solar cells and their production costs are also higher.18,19   

Figure 1.3. Different generations of solar cells.14 

The third generation of solar cells refers to the emerging photovoltaic technologies which 

aim to be inexpensive in manufacturing, along with offering good efficiency values and 

easy synthesis methods. This generation includes dye-sensitised, organic, multijunction, 

nanocrystals-based and perovskite solar cells.20,21 These materials have the potential to 

exceed the conventional Shockley-Queisser limit of 33% for single junction solar cells, 

due to their unique structure and inherent properties. In this regard, multijunction solar 

cells are the most efficient. These cells consist of two to four layers of different 

Solar cell 

1st generation  

(Silicon wafer) 

Monocrystalline 
silicon 

Polycrystalline 
silicon 
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(Thin film) 

Amorphous 
silicon 

CdTe 

CIGS 
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& small molecule) 
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semiconductor materials whose band gaps are complimentary to each other in a way that 

covers a major portion of the solar spectrum. This ensures greater absorption of the sun’s 

radiation and in turn, more efficient devices.22 However, these devices are extremely 

expensive to manufacture and hence are mainly employed for space applications. Organic 

solar cells (polymer and small molecule) are easy to manufacture, inexpensive and light-

weight, but have low PCEs. Dye-sensitised solar cells have a low-cost manufacturing 

process, abundant raw materials and are semi-transparent with applications for being used 

in buildings. These cells, however, utilise dyes which photo bleach and hence are not 

durable, use electrolyte solutions containing volatile organic compounds which hazardous 

to human health, and have low efficiency values. Perovskite solar cells offer a variety of 

advantages as they are solution-processable and hence are easy to manufacture, have a 

tunable band gap, low production cost and use earth-abundant elements.20,21 They have 

some issues related to their stability and toxicity; however, there have been advances in 

the recent past to mitigate these concerns. In addition to overcoming the drawbacks of 

other solar cell technologies, perovskite solar cells have achieved good power conversion 

efficiencies as well.15 These factors have led to the recent popularity of this material. A 

detailed discussion on perovskites is given later in this chapter (Section 1.3).  

 

Figure 1.4. Best research cell efficiencies of different photovoltaic technologies.15 
 

Figure 1.4 depicts the enhancement in PCEs of different solar cell technologies over a 

period of ~50 years as given by NREL.15 Crystalline Si solar cells, with a PCE of 26.7%, 

have maintained their position over the years and still remain the most widely deployed 
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technology for terrestrial use. The highest efficiency of 47.1% till date has been obtained 

from multijunction solar cells (six-junction).23 Some of these devices deploy concentrator 

systems for enhancing their efficiency. This refers to the utilisation of more than one sun 

as the illuminating source and thus results in higher PCEs due to higher intensity of 

sunlight. However, this would not be very useful for practical applications. As evident 

from Figure 1.4, perovskite solar cells have emerged as the fastest growing photovoltaics 

technology in the recent past. Over the span of a decade, this technology has progressed to 

achieve comparable or exceed the efficiency values obtained from other thin film 

technologies on which research has been going on for more than 40 years.  

The first paper to report the use of perovskites in solar cells was by Miyasaka et. al. in 

2009, where the perovskite material was used as a sensitiser layer in a structure similar to 

the DSSC.24 Over the past decade, there has been a rapid increase in the PCE of 

perovskite based solar cells.25 From a mere 3.8% efficiency in the DSSC in 2009,24 to 

10.8% in the solid-state DSSC,26 the PCE of perovskite solar cells is currently at 25.5%. 

Metal halide perovskites have already far exceeded the PCE obtained from DSSCs 

(13.0%), amorphous silicon (14.0%) and organic solar cells (18.2%).15 Though their 

efficiency is slightly lower than that of crystalline silicon at present, perovskite-silicon 

tandem solar cells stand at a PCE of 29.5%, which are on the path of commercialisation 

by Oxford PV.15 This exceeds the efficiency of the traditional silicon cells and is bound to 

increase in the coming years. With rapid advancements in research on perovskites, and 

with the development of perovskite-silicon and all-perovskite tandem solar cells, 

perovskites have the potential to either replace or be used in conjunction with other solar 

cell technologies for terrestrial applications. There is a need to understand their structure, 

properties and intrinsic dynamics in order to exploit them for use in the photovoltaics 

industry. 

1.3. Perovskites 

The term “perovskite” refers to a class of compounds with the chemical formula of ABX3. 

The traditional perovskites have a cubic crystal structure, with cation A occupying the 

corner sites, cation B occupying the body centre and anion X occupying the face centre 

(Figure 5(a)). It can also be understood as an ion A occupying the vacant sites between 

layers of BX6 octahedra, where X form the corner sharing ions (Figure 5(b)). The first 

perovskite, calcium titanate (CaTiO3), was discovered by the German mineralogist Gustav 
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Rose in 1839, and was named after the Russian mineralogist Lev Perovski.27 Since then, 

perovskites have been widely studied. However, their applications in optoelectronics and 

photovoltaics, for example, light emitting diodes (LEDs), solar cells and lasers has only 

recently been extensively researched.28,29 Metal halide perovskites form the basis of 

perovskite solar cells, with MAPbX3 being one of the most common and successful 

candidates.24,26 Here, the A site is occupied by the methyl ammonium (MA) cation, B site 

is occupied by Pb2+ and X represents the halide ions (Cl-, Br-, I-). 

 

Figure 1.5. (a) Cubic crystal structure of a typical ABX3 type perovskite (b) Extended 

three-dimensional structure with corner sharing X ions.30 

1.3.1. Properties of metal halide perovskites   

Metal halide perovskites (MHPs), be it hybrid organic-inorganic perovskites (HOIP) or 

all-inorganic perovskites, can be prepared through low-temperature solution processable 

methods (facile synthesis), are inexpensive to manufacture and utilise earth abundant 

elements.31,32 These properties, in addition to being lightweight, flexible and semi-

transparent, have resulted in the commercialisation of this technology.28 Depending on 

the temperature and the size of the organic/inorganic cations present in the perovskite, 

this material can have a cubic, tetragonal or orthorhombic crystal structure.33 MHPs have 

a high absorption coefficient, which aids the synthesis of thin films, with a thickness 

much lower than their diffusion lengths.28,34 This results in efficient charge carrier 

formation and separation.32 An exchange or use of mixed halide ions helps in adjusting 

the bandgap in the UV-Visible-Near IR region.35 This allows tuning of their 

photoluminescence (PL),36 with emissions spanning the entire visible range and they have 

high PL quantum yields as well.37 Depending on the perovskite material and whether it is 

(a) (b) 
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a single crystal or polycrystalline in nature has resulted in different trap densities being 

obtained. Irrespective of the trap densities, perovskites in general, are more defect tolerant 

as compared to other semiconductor technologies.38,39 

MAPbI3, the most commonly used solar cell absorber, has an experimentally obtained 

direct bandgap value of ~1.6 eV.34 It has low hole and electron effective masses 

comparable to that of inorganic semiconductors, with moderate charge carrier 

mobility.40,41 This moderate carrier mobility has been attributed to lattice fluctuations, 

such as phonon scattering and polaron formation.42 Efficient carrier collection in these 

HOIPs is possible due to their long carrier lifetimes and long diffusion lengths.29,43 These 

properties make MAPbI3 one of the best absorber materials to be used in solar cells. The 

reason for the success of lead in these perovskites has been attributed to its antibonding 

6s2 valence shell which forms the valence band maxima, and the 3D network of  [PbI6]
4- 

octahedra formed which corner sharing I- ions.44 These materials have the potential to 

overtake the existing solar cell technologies in addition to overcoming the issues faced by 

most of them.     

1.3.2. Challenges to perovskite solar cells 

Despite the range of properties displayed by lead halide perovskites, there remain two 

major concerns that limit the use of these materials at the commercial level – toxicity and 

low stability.45,46 The use of lead in perovskite solar cells poses an environmental and 

health hazard. Efforts are ongoing to overcome this, by replacing lead with other divalent 

ions or a combination of cations, leading to double perovskites. 

Lead halide perovskites, in particular MAPbI3, are sensitive to excessive exposure to 

moisture,45,47 light or oxygen48 and high temperatures.48,49 When these factors are 

combined together, it results in a rapid degradation of the perovskite film.47 Organic 

cations used at the A site are hygroscopic and volatile in nature and can result in an 

irreversible degradation of the perovskite film.45 In addition to degradation of perovskites 

under exposure to strong UV radiation, the most commonly used ETL, TiO2, is also 

highly sensitive to UV rays.45 It has been observed that in an oxygen-rich atmosphere, the 

perovskite tends to form structures of PbI2, resulting in inhomogeneity.48 Apart from the 

above extrinsic factors, intrinsic factors such as formation of defects during the synthesis 

of perovskite thin films also contribute to their instability. Vacancies within the crystal 
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lattice result in ion and hole migration.50 Ion migration deteriorates the PCE of the 

perovskite solar cell and also creates a local electric field, which further decreases its 

efficiency.47  

To overcome these limitations, different strategies such as encapsulation, using additives, 

using mixed cation or mixed anion systems have been established.51 Encapsulating 

perovskite solar cells provides a great means to protect the device from UV light, oxygen 

and moisture.52,53 This promotes the safe handling of lead as well. Additives such as 

polyethylene glycol, polyvinylpyrrolidone etc. allow uniform film growth and provide 

thermal stability.54 Changing the A, B or X site ions or using a combination of ions at 

these sites can combat the stability issue as well as provide a wide range of bandgap 

values. In this direction, formamidinium (FA), cesium (Cs) or mixed cations such as, FA1-

xMAxPbI3 or CsxMA1-xPbI3 have been used in place of methylammonium (MA), to 

overcome its hygroscopic nature.55 While choosing cations to be replaced in the 

perovskite structure, it is important to keep in mind that they must be large enough to 

perfectly fit into the vacant sites between the perovskite layers. Similarly, Sn, Ge or Sn-

Pb mixtures have been used at the B site and Cl, Br or I at the X site.56,57 

1.3.3. Alternatives to the ABX3 type lead-based perovskite 

Though lead has served as the most efficient B site cation for solar cell purposes, its 

toxicity limits its use. This has led to the development of lead-free perovskites. In this 

direction, attempts were made initially to replace Pb2+ with other group 14 elements such 

as Sn2+ and Ge2+.56,58 However, these perovskites had poor stability due to the easy 

oxidation of Sn2+ and Ge2+ to Sn4+ and Ge4+, resulting in the loss of the essential 3D 

network as well.59 Replacing Pb2+ with trivalent ions such as Bi3+ and Sb3+ was another 

strategy, which resulted in a stoichiometry and structural change due to the charge 

imbalance.60,61 The perovskites obtained were of the form A3B2X9, which were either 2D 

layered structures or 0D structures (Figure 1.6). Even though these perovskites were 

stable, this reduced dimensionality led to a decrease in the band dispersion. The A3B2X9 

type perovskites have low carrier mobility and indirect or wide bandgaps, thus making 

them unsuitable for photovoltaic purposes.62,63  

An alternative strategy of substituting lead with a mixed cation system has given rise to 

the field of double perovskites (DPs). The introduction of DPs has opened new avenues to 
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the development of stable, non-toxic lead-free perovskites. In one type of double 

perovskite system, two Pb2+ ions are replaced with one monovalent and one trivalent 

cation, resulting in the chemical formula A2B
IBIIIX6 (A: Cs, CH3NH3; B

I: Cu, Ag, Au, In, 

K; BIII: Bi, Sb, In; X: Cl, Br, I).64,65 This class of perovskites is structurally stable and 

maintains the conventional 3D perovskite structure. Cs2AgBiCl6 and Cs2AgBiBr6 were 

among the first double perovskites to be developed and displayed wide indirect 

bandgaps.65,66 Post this, several DPs were reported, which either had a wide direct 

bandgap such as (CH3NH3)2KBiCl6 and Cs2AgInCl6, or an indirect bandgap such as 

(CH3NH3)2AgBiBr6 and (CH3NH3)2AgSbI6. Indium(I) based DPs were unstable due to the 

conversion of In+ to In3+.67 Similarly, tellurium based DPs were also synthesised but are 

toxic in nature. Hence, despite the structural stability that DPs provide, these materials 

have indirect and/or wide bandgaps, which limits their use as solar cell absorbers.68 

Recently, a new class of DPs of the form A4B
IIB2

IIIX12 (B
II: Cu, Mn, Cd; BIII: Sb, Bi) has 

been explored. In these DPs, four Pb2+ ions are replaced with one bivalent and two 

trivalent cations (Figure 1.6). These perovskites assume a layered monoclinic C2/m 

crystal structure, are stable and have reported both direct and indirect bandgap values, 

lying in the visible range. They have suitable bandgaps, low exciton binding energy and 

small carrier effective mass.69 Studies on these DPs are currently ongoing and they have 

the potential to overcome the issues faced by lead halide and other classes of perovskites 

as well.70 

 

Figure 1.6. Different types of perovskite structures. 
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1.3.4. Structure of perovskite solar cells 

Figure 1.7 shows the different layers comprising a perovskite solar cell. The first layer is 

that of a transparent electrode known as transparent conducting oxide (TCO). The most 

commonly used TCOs are FTO (Fluorine doped tin oxide) and ITO (Indium doped tin 

oxide). This layer allows sunlight to enter into the solar cell and subsequently helps in the 

transport of the electrons to the outer circuit. This is followed by the electron transport 

layer (ETL), for example TiO2, SnO2, In2O3, PCBM etc. This layer helps in the extraction 

of the photo-excited electrons generated within the perovskite. The next layer is of the 

absorber material, the perovskite, whose thickness usually ranges from a few hundred 

nanometers to some micrometers. On the other side of the perovskite layer is the hole 

transport layer (HTL), such as Sipro-OMeTAD, P3HT, NiOx, carbon nanotubes etc. The 

HTL extracts and transports holes from the perovskite to the outer layers. The final layer 

is that of the electrode, usually Au, Ag or Al, which serves as a contact to complete the 

circuit.  

Perovskite solar cells can be constructed in two ways. The first is the planar 

heterojunction, where every layer is in the solid state form. Planar heterojunctions can be 

developed in the n-i-p (negative-intrinsic-positive) or the p-i-n configuration. The n-i-p 

structure (Figure 1.7(a)) is a conventional way of constructing solar cells in which light 

enters through the ETL of the cell. The p-i-n structure (Figure 1.7(b)) is an inverted 

configuration in which light enters through the HTL.71 The other type of perovskite solar 

cell has a mesoporous structure (Figure 1.7(c)), in which there is a slight modification at 

the junction of the ETL and the absorber layer. An additional mesoporous scaffold is 

present, which could be conducting or non-conducting in nature and makes a better 

contact with the perovskite layer. This allows for efficient extraction of electrons into the 

ETL and outer circuit.72,73  
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Figure 1.7. Different configurations and layers of perovskite solar cells. 

1.3.5. Processes within a perovskite solar cell 

On photoexcitation, generation of an exciton takes place within the perovskite. 

Depending on the energy absorbed by the perovskite and the binding energy of the 

excitons, they can separate and give rise to free charge carriers. Figure 1.8 depicts the 

various processes that can occur within a perovskite solar cell after absorption of light 

energy.   

Process (i) in Figure 1.8 refers to the transfer of an electron from the conduction band of 

the perovskite to that of the ETL. Similarly, process (ii) refers to the transfer of holes 

from the valence band of the perovskite to that of the HTL. These two charge transfer 

processes majorly contribute to the output current obtained from solar cells. Hence, it is 

important to ensure that the ETLs and HTLs allow for an easy transfer of electrons and 

holes from the absorber layer to these layers. For this purpose, the electron transport 

material is chosen such that its conduction band lies just below that of the perovskite and 

the hole transport material is selected such that its valence band is just above that of the 

perovskite. Process (iii) refers to electron-hole recombination, which is radiative in 

nature. Pathways (iv)-(vii) are detrimental to the functioning and decrease the PCE of the 
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solar cell. Processes (iv) and (v) correspond to the back transfer of electrons from the 

ETL to the perovskite and holes from the HTL to the perovskite respectively. Process (vi) 

results in the recombination of electrons and holes in the ETL and HTL. Process (vii) is a 

trap-assisted recombination pathway, which is non-radiative in nature. These processes 

are unfavourable for developing efficient solar cells and most efforts are driven towards 

extracting charge carriers into their respective layers and minimizing recombination 

pathways.74  

 

Figure 1.8. Processes within a perovskite solar cell. 

1.3.5.1. Charge carrier recombination 

Charge carrier recombination dynamics play a critical role in analysing the success of a 

semiconductor for solar cell applications. In metal halide perovskites, there are three 

major charge carrier recombination pathways.75 First, is the non-radiative monomolecular 

process, known as the trap-assisted recombination (Figure 1.9(a)). This involves either an 

electron or a hole getting captured in a trap state and hence is monomolecular in nature. 

Studies on a variety of MHPs have revealed the presence of shallow trap states close to 

the band edge and very few deep trap states. The existence of traps is highly dependent on 

the material’s processing conditions and mainly arises due to metal, halide or organic 

vacancies in the lattice.75 The second recombination pathway is a bimolecular process 

corresponding to the intrinsic electron-hole recombination within the perovskite (Figure 

1.9(b)). This recombination is radiative in nature and is responsible for the 

photoluminescence observed in perovskites. The final pathway is the Auger 

recombination, which is a many body process (Figure 1.9(c)).76 In this process, an 
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electron and hole recombine with the energy and momentum being transferred to another 

neighbouring electron or hole, thus resulting in non-radiative recombination. This process 

can involve a phonon absorption or emission as well. These pathways compete with the 

charge transfer process, are highly sensitive to charge carrier densities and in order to 

develop suitable devices, it is essential to understand the contribution of each of these 

processes to the recombination dynamics. In general, efforts are made to reduce non-

radiative recombination which can be done by decreasing the trap states through a control 

on the processing conditions and by controlling the charge carrier densities based on the 

light source and temperature.43,75,77  

 

Figure 1.9. Possible recombination pathways within perovskites after photoexcitation.75 

An understanding of the fundamental photophysics of metal halide perovskites is 

essential to achieve high performing solar cells. In addition to carrier generation and 

recombination dynamics, an analysis of the intrinsic carrier dynamics of the perovskite, 

particularly the carrier relaxation process, is crucial. High charge transfer rates, low 

recombination rates and slow carrier relaxation rates are some properties that define a 

good solar cell. These processes directly impact the rate at which light gets converted into 

electricity in these materials.  
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2.1. Introduction 

Transient absorption spectroscopy is a pump-probe spectroscopy technique which is used 

to study the time-dependent dynamics of a chemical system. It is a powerful tool for 

understanding photochemical and photophysical processes. This technique allows us to 

measure the changes in optical density as a function of wavelength and time. It makes use 

of two laser pulses – a pump and a probe. A sample is photo-excited using a pump pulse 

and the probe, generally white light, is then used to investigate the pump induced changes 

within the sample at various time delays. A mechanical delay line is used to vary the 

delay between the pump and the probe.  

As this technique is used to study the changes brought in by the pump pulse, it is essential 

to eliminate the effect of the probe on the dynamics of the molecule. For this very 

purpose, the probe pulse is measured separately and then subtracted from the total 

absorption signal. This is done by using a chopper, which blocks every alternate pump 

pulse and the absorbance of the probe alone is recorded. The difference between the 

signals, when both the pump and probe are present and when only the probe is present, 

known as a differential absorption signal is then obtained.  

 

Figure 2.1. Schematic of a pump-probe experiment. 

The differential absorption signal (𝚫𝐎𝐃) is given as: 

𝐎𝐃𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐧) =  − 𝐥𝐨𝐠൫𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐧)൯ ;  𝐎𝐃𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐟𝐟) =  − 𝐥𝐨𝐠൫𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐟𝐟)൯ 

𝚫𝐎𝐃 =  𝐎𝐃𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐧) − 𝐎𝐃𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐟𝐟) 

          =  − 𝐥𝐨𝐠൫𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐧)൯ + 𝐥𝐨𝐠൫𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐟𝐟)൯ 
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𝚫𝐎𝐃 = 𝐥𝐨𝐠 ቆ
𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐟𝐟)

𝐈𝐩𝐫𝐨𝐛𝐞 (𝐩𝐮𝐦𝐩 𝐨𝐧)
ቇ 

2.2. Transient absorption signals 

There are three types of signals that can be obtained through transient absorption 

spectroscopy: 

(i) Ground state bleach (GSB): When the pump pulse excites a sample, some 

molecules from the ground state are transferred to an excited state. As a result, 

the probe pulse is absorbed by lesser number of molecules at the ground state 

wavelength. This results in a negative absorption signal being obtained, whose 

peak corresponds to that typically obtained by steady-state absorption. This 

signal is known as the ground state bleach.   

(ii) Stimulated emission (SE): When the probe pulse is incident on the sample, it 

can stimulate the emission of molecules from the excited state (created by the 

pump) to the ground state. This signal corresponds to stimulated emission. 

When the pump is on, the number of photons reaching the detector is a 

combination of the photons contained in the probe and the photons emitted 

from the molecules in the excited state of the sample. In contrast, when the 

pump is blocked, the number of photons reaching the detector are only those 

that are contained in the probe pulse. Hence, I୮୰୭ୠୣ (୮୳୫୮ ୭୬) >  I୮୰୭ୠୣ (୮୳୫୮ ୭୤୤). 

This results in a negative differential absorption signal for SE. Similar to 

spontaneous emission (fluorescence), stimulated emission also exhibits Stokes 

shift, in which the SE signal is red shifted as compared to the absorption 

signal. This shift is mainly due to the relaxation of the molecule and its 

immediate environment in the excited state.    

(iii) Excited state absorption (ESA) or Photo-induced absorption (PIA): 

Molecules in the excited state can absorb photons from the probe and get 

transferred to higher-lying excited states. This is known as excited state or 

photo-induced absorption. When the pump is on, molecules are excited from 

the ground to the excited state and further excitation to higher states takes 

place due to the probe. In the absence of the pump pulse, there is insufficient 

population in the excited state for absorption of the photons from the probe. 
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Thus, OD୮୰୭ୠୣ (୮୳୫୮ ୭୬) > OD୮୰୭ୠୣ (୮୳୫୮ ୭୤୤)  and a positive differential 

absorption signal is obtained corresponding to ESA. 

 

Figure 2.2. Types of signals in a pump-probe experiment. 

2.3. Specifications of the instrument 

A Ti-Sapphire amplified laser beam was used to generate a wavelength centred at 800 nm 

for our experiment. The repetition rate and pulse width of the laser was 1 kHz and 50 fs 

respectively. Using a beam sampler, the 800 nm laser beam was split into the pump and 

the probe. A BBO (β-barium borate) crystal was used to generate an excitation 

wavelength of 400 nm (pump pulse). The probe pulse was routed to a custom-made 

femtosecond transient absorption spectrometer (TAS, Newport Inc. USA) and was 

vertically polarised. The pump was set at a magic angle of 54.7˚ using a half wave plate 

in both the arms. A CaF2 crystal was used to generate a broad continuum of light in the 

visible and near-IR region and was placed on a motorised translation stage. A variable 

neutral density filter was used at the sample position to control the intensity of the probe 

pulse. Every alternate pump pulse was blocked using a mechanical chopper (New Focus 

3502, with a 7/5 slot wheel, Newport Corp), which was placed in the pump arm operating 

at a 500 Hz repetition rate. The probe was spectrally overlapped with the pump beam, 

collimated and sent into the spectrograph (Oriel MS260i, Newport Corp). A spectrometer 



 

21 

with 1200 grooves/mm grating (Richardson grating 74064, Newport Corp) was used to 

detect the transmitted probe pulse with the help of a linear array detector (CMOS S10453-

1024Q, Hamamatsu Photonics). A software-controlled mechanical delay line 

(ILS300LM, Newport Corp) was used to vary the time delay between the pump and probe 

pulse. 

2.4. Excited state dynamics of perovskites using transient 

absorption spectroscopy  

Transient absorption spectroscopy can be used to study the dynamics of perovskites in the 

form of a solution or thin film, to analyse its use for photovoltaic and other optoelectronic 

applications. In case of solutions, perovskite microcrystals or nanocrystals can be used to 

understand the intrinsic dynamics and rates of various processes, such as carrier 

relaxation, electron-hole recombination, trap-assisted recombination etc., within this 

material. For thin films (comprising of ETL and HTL), this technique provides us with 

essential information regarding electron and hole transfer rates (Figure 2.3).  

 

Figure 2.3. Different processes and signals obtained using TA spectroscopy in 

perovskites. 
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2.4.1. Hot carrier relaxation in perovskites  

When light is absorbed by a solar cell, photons containing energy higher than the bandgap 

of the semiconductor result in the generation of excitons or free charge carriers with 

excess energy. These charge carriers or excitons, which possess a temperature higher than 

the lattice temperature are referred to as “hot” carriers or “hot” excitons. In case of most 

semiconductors, these hot species readily lose their excess energy to phonons or in the 

form of heat.78  

Materials that have slow hot carrier relaxation rates can be used for the development of 

hot carrier solar cells (HCSCs). HCSCs are based on the concept of the extraction of 

electrons and holes into the outer circuit while they are hot, resulting in increased 

voltages in solar cells.79 They have the potential to overcome the conventional single 

junction SQ limit of 33% and instead can have a maximum efficiency of 67%, if all the 

hot species are extracted into their respective charge extraction layers before cooling.80 In 

this direction, perovskites have shown to possess slow hot carrier relaxation rates, thereby 

opening doors to the manufacturing of HCSCs using perovskites as the absorber layer.  

On absorption of high energy photons, the hot carriers initially redistribute their energy in 

accordance with Fermi-Dirac statistics and attain a carrier temperature TC, which is 

higher than the lattice temperature TL. This process is known as thermalisation. 

Eventually, these thermalized carriers lose their energy through inelastic carrier-phonon 

interactions, resulting in the hot carriers relaxing to the band edge with a loss of their 

excess energy. This process is known as hot carrier cooling.80  

In 2013, Sum et. al. reported the first study on hot carrier cooling in MAPbI3 

polycrystalline films using TA spectroscopy. A hot carrier cooling time of 0.4 ps was 

obtained at a pump energy of 3.1 eV and this was attributed to the hot-hole relaxation 

process.81 This rate is slower as compared to organic semiconductors (~100 fs) and 

matches well with the relaxation times obtained in case of inorganic semiconductors such 

as GaAs. Subsequently, a lifetime of 0.4 ps was obtained in these films corresponding to 

the hot-electron relaxation process as well.82 These preliminary results demonstrated great 

potential in perovskites to be developed as HCSCs. The hot carrier relaxation process has 

been shown to be pump-fluence dependent, with an even slower hot carrier cooling time 

of about 10 ps being obtained in MAPbI3-xClx films at a pump fluence of 340 μJ/cm2.83 
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These hot carrier cooling rates are dependent on the initial excess energy of the hot 

carrier, photoexcited carrier density,84 cation species, morphology and resolution of the 

instrument used for measurement.85 

2.4.1.1. Reasons for slow hot carrier relaxation in perovskites 

Hot carrier relaxation majorly occurs within 1 ps via the electron-longitudinal optical 

(LO)-phonon scattering process. Optical phonons (lattice vibrations) refer to out-of-phase 

movements in which a dynamic dipole moment is introduced within the crystal system 

through the electric field of light. These can be present in the transverse or longitudinal 

modes. This scattering is also referred to as the Fröhlich process and hot carrier relaxation 

occurs with the emission of LO phonons till the band edge is reached.86 The exact 

mechanism of this cooling process is not yet completely understood, but several processes 

such as phonon bottleneck effect, polaron formation, Auger heating etc. are responsible 

for the slow cooling rates observed in perovskites.78    

As carrier cooling mainly depends on the emission of LO phonons, a high density of these 

phonons can be produced in certain cases, resulting in the formation of a “phonon 

bottleneck”. This results in some amount of the phonon energy scattering back, which 

then re-heats the carriers, thus slowing down the cooling process.87 At high pump fluence, 

this phonon bottleneck effect has been observed in MAPbI3 and FAPbI3 films with 

decreased cooling rates.84,88 At high hot carrier densities (~1019 cm-3), Auger heating 

predominates and reduces hot carrier relaxation rates due to transfer of the recombination 

energy to another charge carrier.89 Other effects such as large polaron formation at low 

carrier densities90 and band-filling91 at high carrier densities further slow down hot carrier 

cooling in perovskites. 

Using a sequence of ultrafast optical pulses (pump-push-probe spectroscopy), the hot 

carrier cooling times for FAPbI3, FAPbBr3, MAPbI3, MAPbBr3, and CsPbBr3 have been 

obtained in the range of 100-900 fs, in accordance with lifetimes determined through 

other methods as well.92 This cooling time increased with an increase in the carrier 

density. Bromide based perovskites tend to have a higher cooling time as a result of their 

stronger electron-phonon coupling.92 Ultrafast PL measurements on MAPbI3 thin films 

have shown fast rates of hot-hole relaxation dependent on the closeness of the excitation 

to the band edge. Rise times of the order of 100-300 fs were obtained when the excitation 

was well above the bandgap and much longer rise times of 300-700 fs were obtained as 
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the excitation reached closer to the bandgap. A much slower timescale of 1-10 ps was 

observed for hot-electron relaxation.93 A long lived PL of 150 ps in MAPbBr3 and 

FAPbBr3 single crystals and about a few nanoseconds in case of FASnI3 thin films have 

been attributed to the slow hot carrier relaxation process.91 TA spectroscopy on the 

nanocrystals of the double perovskite Cs2AgBiBr6 has revealed a hot electron relaxation 

time of 0.8 ps (from the fast PIA band decay) and a hot hole relaxation time of 0.2 ps 

(from the fast GSB buildup signal).94   

Given the slow hot carrier relaxation rates in metal halide perovskites, several studies on 

the transport and extraction of these hot carriers have yielded promising results for 

developing HCSCs. Long range hot carrier transport has been reported for MAPbI3 films 

using ultrafast transient absorption microscopy.95 Efficient hot carrier extraction is one of 

the most important components for manufacturing suitable HCSCs since these hot carrier 

relaxation rates compete with the charge transfer process. TA spectroscopy has been used 

to deduce hot carrier extraction through the disappearance of the hot-energy tail in case of 

CsPbI3 films with P3HT as the HTL.96 Ultrafast hot carrier transfer (~300 fs) has been 

reported for CsPbBr3 nanocrystals using benzoquinine and phenothiazine as the ETL and 

HTL respectively.97 To truly realise the use of perovskites in HCSCs further research is 

required in areas such as identifying the suitable energy contacts and the optimal layer 

thickness for harvesting these hot carriers.98 Additionally, as double perovskites 

overcome the challenges faced by MAPbI3 and other organic-inorganic and all-inorganic 

perovskites, it is essential to study the hot carrier relaxation process in these materials, to 

exploit their properties for the development of HCSCs. 
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3.1. Introduction 

Cs4CuSb2Cl12 (CCSC) is a double perovskite of the form A4B
IIB2

IIIX12, in which four Pb2+ 

cations are replaced by one Cu2+ and two Sb3+ ions. A layer of [CuCl6]
4- octahedra is 

sandwiched between two [SbCl6]
3- octahedra with corner sharing chloride ions. The Cs+ 

cation is present in the vacant sites between these octahedral layers. This perovskite 

allows for the use of benign, earth-abundant elements to replace lead, thus helping 

overcome the toxicity issues raised by lead halide perovskites. The first paper to report 

the synthesis of CCSC was by Solis-Ibarra et. al. in 2017.99 They prepared microcrystals 

of this perovskite using the acid-precipitation method. Single crystal studies of CCSC 

revealed a monoclinic C2/m crystal structure (Figure 3.1(a)). A triple-layered perovskite 

was obtained instead of a 3D structure, which was attributed to the vacancy created by 

antimony owing to its 3+ charge. Since CCSC consists of Cu in the 2+ state, it has a d9 

configuration. This results in Jahn-Teller distortion, with the axial bond lengths 0.52 Å 

longer than the other four bonds (Figure 3.1(b)). The as-synthesised perovskite had a 

direct bandgap of 1.0 eV, conductivity value one magnitude higher as compared to 

MAPbI3 and high carrier mobility. It displayed photo and thermal stability, with no 

decomposition in the presence of humidity for upto 100 days.99 These properties reveal 

tremendous potential for CCSC to be used for photovoltaic applications.  

 

 

Figure 3.1. (a) Monoclinic C2/m structure of CCSC (b) Jahn-Teller distortion in 

[CuCl6]
4- octahedra of CCSC.100 

(a) (b) 
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Efforts have been made to synthesise the microcrystals (MCs) and nanocrystals (NCs) of 

CCSC through different synthesis methods. MCs of CCSC have been prepared via the 

mechanochemical synthesis101 and liquid-phase synthesis methods101,102, whereas the 

nanocrystals have been synthesised through the colloidal100 and ultrasonic exfoliation 

method.103 The experimental bandgap of the as-synthesised microcrystals range from 

0.97-1.16 eV, with a direct bandgap102  nature being observed in some cases and indirect 

in some other.101 This suggests that the direct and indirect bandgap values are close to 

each other in CCSC, due to low band dispersion resulting in a nearly flat conduction 

band,.101,104 Density-functional theory (DFT) calculations in case of MCs reveal a similar 

bandgap as experimentally determined (Table 3.1).99,101 CCSC nanocrystals on the other 

hand have been reported to have a direct bandgap, with values lying in the range of 1.60-

1.79 eV.100,103 Computationally obtained values don’t seem to be in good agreement with 

the experimental results in case of NCs (Table 3.1).100,103 A general trend that can be 

observed as we go from microcrystals to nanocrystals is the increase in the bandgap 

values. This can be attributed to the quantum confinement effect,100 where 

semiconductors in the nanoregime tend to have higher bandgaps as compared to their 

bulk counterparts due to less overlap between the energy levels (more discrete energy 

levels). Surface coating ligands or atomic arrangements can also result in such differences 

in bandgaps.100 Table 3.1 summarises the synthesis methods and bandgaps obtained in 

different studies.   

Table 3.1. Different reported synthesis methods of CCSC and the corresponding 

experimental and theoretical bandgaps 

Method of 
Synthesis 

Nano/ 
microcrystals 

Computational 
band gap                   

(eV) 

Experimental 
band gap (eV) 
(considering 

direct) 

Experimental 
band gap 

(eV) 
(considering 

indirect) 

Acid precipitation99 Micro 0.98 - 1.00 

Mechanochemical101 Micro 1.10 1.14 0.97 

Liquid phase102 Micro - 1.16 - 

Colloidal100 Nano 1.24 1.79 - 

Ultrasonic 
exfoliation103 

Nano 0.91 1.60 - 
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MCs of CCSC have not shown any photoluminescence (PL), despite multiple attempts.101 

While PL wasn’t observed in CCSC NCs prepared via the colloidal synthesis route,100 a 

weak and broad PL signal at 632 nm was observed in case of the nanocrystals synthesised 

through the ultrasonic exfoliation technique.103 The weak or non-detectable PL signal in 

case of both MCs and NCs has been attributed to an ultrafast carrier trapping process due 

to exciton-phonon coupling100 as well as the presence of surface trap states,101,103 which 

strongly competes with the radiative recombination process responsible for PL. This 

raises concerns regarding the defect tolerance of CCSC, which requires further 

investigation.  

The study by Solis-Ibarra et. al. reported a computationally-obtained direct bandgap of 

0.98 eV for CCSC.99 This DFT calculation was performed using the semi-local Perdew, 

Burke, and Ernzerhof (PBE) functional,105 which treats spin states as degenerate. The 

Fermi level lies in the valence bands, which incorrectly indicates a metallic behaviour in 

contrast to the semiconducting nature of the material.99 This inconsistency was obtained 

since the spin states aren’t degenerate in case of CCSC due to the presence of an unpaired 

electron in Cu2+. Spin-polarised DFT studies have been performed, using different 

functionals (PBE, PBE+U and HSE) and assuming different magnetic ordering within this 

material.104 These results suggest that CCSC is the most stable in the antiferromagnetic 

state, has a less dispersive band structure and an indirect bandgap of 1.0 eV. PBE+U 

functional provides the best representation of this system, which is well in accordance 

with the experimentally obtained values. HSE overestimates the bandgap by about 0.7 eV 

and is a better fit for Cu+ containing compounds. The density of states (DOS) calculations 

reveal that the valence band contributions are mainly from Cl 3p and Sb 4s, with a minor 

contribution from Cu 3d as well. On the other hand, the conduction band minimum 

comprises of Cu 3d and Cl 3p majorly. Thus, to get a reasonable band structure of CCSC, 

it is important to take into account the magnetic ordering of the compound, strong 

correlation of the d states in Cu2+ and the lifting of the spin degeneracy.104      

CCSC has shown to be phase-stable upto 200 oC in an ambient environment. A black-to-

yellow-to-black transformation has been observed as CCSC is first heated beyond 200 oC 

and then cooled to room temperature in a humid environment. CCSC decomposes into 

Cs3Sb2Cl9, Cs2CuCl4 and SbCl3 on heating and returns back to the perovskite state with 

some impurities when cooled.101 This material is stable under ambient conditions for 

several months and in polar solvents containing < 30% water. EPR studies reveal the 
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presence of an unpaired electron, corresponding to the d9 configuration of Cu2+ cation and 

other magnetic studies indicate a long range magnetic ordering from 2-400 K in this 

material.101 CCSC NCs synthesised using a top-down approach through ultrasonic 

exfoliation of the MCs have a bandgap of 1.6 eV and a more dispersive band structure. 

The absorption spectra and Ultraviolet photoelectron spectroscopy (UPS) studies of the 

NCs revealed the valence band maximum (VBM), conduction band minimum (CBM) and 

Fermi level as -3.74, -5.34, -4.56 eV respectively. The as-synthesised CCSC NCs exhibit 

a p-type semiconductor behaviour. Time-resolved transient absorption spectroscopic 

studies on these NCs resulted in three time components being obtained, corresponding to 

14 ps, 697 ps and >5 ns. These time components were assigned to the charge trapping, 

radiative recombination and trap-assisted recombination processes respectively. This 

reveals the presence of abundant trap states, resulting in the charge trapping process 

strongly competing with the radiative recombination process.103 

Overall, CCSC offers facile synthesis methods, is stable to heat, light and humidity and 

has a suitable bandgap for optoelectronic applications. CCSC MCs and NCs have shown 

promise as photodetectors and solar absorbers,99–103 and with further research properties 

of this material can be improved for several applications. Till date, no studies have been 

carried out on determining the position of the valence band and conduction band in case 

of CCSC microcrystals. Recently, perovskites have shown slow hot carrier relaxation 

rates which is useful for the development of hot carrier solar cells. Here in, using 

techniques such as XPS and UPS, we hope to understand the band structure and the band 

levels of this material better. Additionally, using femtosecond transient absorption 

spectroscopy, we aim to understand the excited state dynamics, in particular, the hot 

carrier relaxation process of the as-synthesised microcrystals.    

3.2. Experimental Techniques 

3.2.1. Steady-state absorption  

All absorption spectra were recorded using an Agilent Technologies Cary 5000 UV-Vis-

Near-IR Spectrophotometer in the range of 400 nm to 800 nm. A quartz cuvette of 1 cm 

path length was used for the measurement. As the solubility of CCSC was tested in 

different solvents (toluene, chlorobenzene, 1,2-dichlorobenzene), each of these solvents 

was used as a baseline for each individual spectrum. 



 

30 
 

3.2.1.1. Tauc plot from UV-Vis spectroscopy 

A Tauc plot was used to determine the direct and indirect bandgap of the as-prepared 

CCSC microcrystals from its absorption spectrum. A plot of (αhν)2 vs hν (photon energy) 

according to equation (3.1) was constructed, whose x-intercept corresponded to the direct 

bandgap value. Similarly, a plot of (αhν)1/2 vs hν (equation 3.2) was made to determine 

the indirect bandgap. 

                                                  (αhν)2 = k (hν - Eg)                                  … equation (3.1) 

                                                  (αhν)1/2 = k (hν - Eg)                                  … equation (3.2) 

Here, α =  
ଵ

௧
2.303 log 𝐴 = absorption coefficient, k = constant, Eg = bandgap, A = 

absorbance and t = thickness of cuvette. 

3.2.2. Infrared (IR) Spectroscopy 

The IR spectrum was recorded in the transmittance mode using a Bruker IFS 66/S 

spectrometer. The spectrum was obtained at a spectral resolution of 4 cm−1 and 2.2 KHz 

as the scanning velocity in the 4000–500 cm−1 range, under ambient conditions. 

3.2.3. Raman Spectroscopy 

The Raman spectrum was measured using a Renishaw Raman spectrometer with a 785 

nm laser source. The spectrum was recorded in the 4000-50 cm−1 range, using high-

resolution gratings of 1200 lines/mm for a scan time of 10 s. 

3.2.4. Powder X-ray diffraction (PXRD)  

PXRD data were recorded on a Rigaku Ultima IV diffractometer using Cu Kα (λ = 1.54 

Å) radiation. CCSC powder was deposited on the glass substrates to obtain the XRD 

patterns. The data was collected within the 2θ range of 10−50° with a scanning speed of 

5° per min.  

3.2.5. Scanning Electron Microscopy (SEM) 

To characterize the morphology of CCSC, a JEOL JSM-7600F Scanning Electron 

Microscope was used. The sample was drop casted on a silicon wafer and the solvent was 

allowed to vaporise under ambient conditions.  
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3.2.5.1.  Energy-dispersive X-ray spectroscopic analysis (EDAX) 

EDAX measurements were carried out to confirm the presence of Cs, Cu, Sb and Cl 

elements.  

3.2.6. Dynamic Light Scattering (DLS) 

Size distribution measurement of CCSC was carried out by dynamic light scattering, 

using Zetasizer, Nanoseries, Malvern Instruments DLS spectrometer. 

3.2.7. X-Ray Photoelectron Spectroscopy (XPS) 

XPS spectra were recorded on a ThermoFisher Scientific Nexsa X-Ray Photoelectron 

Spectrometer using Al Kα = 1486.6 eV radiation.  

3.2.8. Ultraviolet Photoelectron Spectroscopy (UPS) 

UPS spectra were recorded on a ThermoFisher Scientific Nexsa XPS instrument using 

ionisation radiation of 21.2 eV (He I).  

3.2.9. Femtosecond transient absorption spectroscopy 

Details of the technique are discussed in Chapter 2.  

3.3. Synthesis of CCSC microcrystals 

3.3.1.  Materials required 

Cesium chloride (99.9%), copper chloride (99%; anhydrous) and antimony chloride 

(99.95%) were purchased from Sigma-Aldrich. Methanol (spectroscopic grade) was 

purchased from Merck; toluene (99.5%), chlorobenzene (99.9%), 1,2- dichlorobenzene 

(99%), isopropanol (99.5%), chloroform (99%), oleic acid (99%) and hydrochloric acid 

were purchased from Sigma-Aldrich and used as solvents without any further 

purification.   

3.3.2. Preparation of CCSC microcrystals 

The synthesis of CCSC was carried out according to a reported protocol101 with slight 

modifications. 0.5 mmol of SbCl3 and 0.25 mmol of CuCl2 were dissolved in 10 ml of 

methanol. In a separate beaker, 0.6 mmol of CsCl was dissolved in 100 μL of water. The 
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CsCl solution was added dropwise to the first solution, resulting in the immediate 

precipitation of a black compound. The mixture was sonicated for 30 s and then 

centrifuged at 5000 rpm for 4 mins. The supernatant was separated and the powder settled 

at the bottom was collected. The as-synthesised CCSC MCs were allowed to dry under 

vacuum in a desiccator for a day. They were then stored in a vial under ambient 

conditions for further use. 

3.3.3. Solubility in different solvents 

The as-synthesised CCSC MCs were insoluble in CHCl3, which was not in agreement 

with earlier studies.103 Therefore, a solubility test was conducted to determine which 

solvent would be the best for forming a stable colloidal solution. Several solvents such as 

toluene, chlorobenzene, 1,2-dichlorobenzene, isopropanol and CHCl3 + oleic acid in HCl 

were used. 3 mg of CCSC was dissolved in 6 ml of every solvent. The results obtained 

are displayed in Figure 3.2. Within 2 hours, CCSC settled down in case of CHCl3 + oleic 

acid and 1,2-dicholorobenzene. In isopropanol, CCSC degraded immediately, resulting in 

a yellow residue. After about 12 hours, considerable amounts of CCSC remained 

dissolved in chlorobenzene and toluene, and thus these solvents were used for further 

characterization.   

 

Figure 3.2. Solubility of CCSC in different solvents. 
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3.4. Results and Discussion 

3.4.1. Steady-state absorption 

The as-synthesised CCSC MCs show absorbance in the range of 500-1000 nm. An 

absorbance peak is obtained at 590 nm, as shown in Figure 3.3. The existence of the 

absorption tail in the spectrum points to the presence of sub-bandgap states in CCSC. 

While CCSC dissolved in chlorobenzene and toluene have nearly the same absorbance 

peak, the intensity of absorbance in toluene is considerably lower and a much broader 

peak is obtained.  

 

Figure 3.3. Steady state absorption spectra of CCSC MCs in chlorobenzene and toluene. 

3.4.1.2. Tauc plot from UV-Vis spectroscopy 

The tauc plot of the as-synthesised CCSC MCs exhibits a direct bandgap of 1.87 eV 

(Figure 3.4 (a)) and an indirect bandgap of 1.66 eV (Figure 3.4 (b)). Hence, the lowest 

energy bandgap is indirect in nature in CCSC. However, the direct and indirect bands are 

very close to each other energetically, which could be a result of low band dispersion.   
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Figure 3.4. Tauc plot of CCSC MCs considering (a) direct bandgap nature and (b) 

indirect bandgap nature. 

3.4.2. Infrared (IR) Spectroscopy 

The FT-IR spectrum shows a strong peak at 617.50 cm−1 corresponding to the metal-

halide stretching frequency, as displayed in Figure 3.5. The other peaks, namely 3395.25, 

1637.25, 1402.30 and 1115.25 cm−1 correspond to the O-H, C-H and C-O stretching 

frequencies. We attribute this to the presence of traces of methanol, which was used as a 

solvent during sample preparation.   

 

Figure 3.5. IR spectrum of CCSC MCs. 

 

(a) (b) 
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3.4.3. Raman Spectroscopy 

The Raman spectrum shows peaks at 560, 280 and 156 cm−1, which corresponds to 

different metal-halide stretching and bending frequencies in CCSC. 

 

Figure 3.6. Raman spectrum of CCSC MCs. 

3.4.4. Powder X-ray diffraction (PXRD)  

Figure 3.7 shows the PXRD pattern of CCSC, which confirms that the black powder 

prepared by the solution-phase method rightly corresponds to the previously reported 

monoclinic C2/m crystal structure of CCSC.99 The as-synthesised crystals are phase-pure 

and do not reveal the presence of the precursor salts. The Miller indices of the crystal 

planes corresponding to the peaks obtained in the PXRD pattern are shown in Figure 3.7.  

 

Figure 3.7. PXRD pattern of as-synthesised CCSC MCs. 
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3.4.5. Scanning Electron Microscopy (SEM) 

The surface morphology and structure of the as-synthesised CCSC MCs were obtained 

using SEM. The image (Figure 3.8) reveals that the MCs are irregular in shape, 

crystalline in nature and have a variable size of a few micrometers. 

 

 

 

 

 

Figure 3.8. SEM image of the as-synthesised CCSC MCs. 

3.4.5.1. SEM Energy-dispersive X-ray spectroscopic analysis (EDAX) 

Figure 3.9 shows the EDAX elemental mapping images of the as-synthesised CCSC 

MCs. The homogenous density of dots suggests that each of the elements, Cs, Cu, Sb and 

Cl are uniformly distributed, resulting in a homogenous stoichiometry of CCSC 

throughout the sample. 

 
 

 

 

 

 

 

 

 

Figure 3.9. Elemental mapping images of CCSC MCs. 

10µm 
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EDAX analysis confirms the presence of Cs, Cu, Sb and Cl elements in the sample. It 

also provides the atomic and weight % of each element as shown in Figure 3.10. The 

closeness of the chemical formula obtained from the elemental analysis to the expected 

formula reflects the purity of the sample and the success of the solution phase synthesis 

method.  

 

 

 

 

 

Figure 3.10. EDAX analysis of CCSC MCs. 

3.4.6. Dynamic Light Scattering (DLS) 

The size distribution of CCSC MCs as measured using DLS is shown in Figure 3.11. The 

maximum distribution is obtained around 0.9 μm (900 nm).   

 

Figure 3.11. Size distribution of CCSC MCs as measured through DLS. 

 

 

Cs3.9Cu1.2Sb2.1Cl12.8 
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3.4.7. X-ray Photoelectron Spectroscopy (XPS) 

The XPS spectra of the as-synthesised CCSC MCs further confirmed the presence of Cs, 

Cu, Sb and Cl ions. The HR-XPS spectra of each of the elements, with information about 

the orbitals in which the core electrons are present are shown in Figure 3.12. 

 

Figure 3.12. XPS spectra for (a) Cs 3d, (b) Cu 2p, (c) Sb 3d and (d) Cl 2p of CCSC MCs. 

3.4.8. Ultraviolet Photoelectron Spectroscopy (UPS)  

The UPS survey spectrum of CCSC MCs is shown in Figure 3.13 (a). Through this 

measurement and using equations (3.3) and (3.4), the work function and the valence band 

maxima of the material was obtained as 5.05 eV and 6.64 eV respectively. 

Φ = hν – (Ecutoff – EF)                           … equation (3.3) 

VBM = Φ + Eonset                               … equation (3.4) 
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Figure 3.13. (a) UPS survey spectrum, (b) Secondary electron cutoff region and (c) 

Valence band edge of CCSC MCs measured using He I radiation. 

An energy level diagram of CCSC MCs was constructed as shown in Figure 3.14, using 

the bandgap value as determined from the Tauc plot and the VBM and Fermi level as 

obtained from the UPS spectra. Values of various energy levels have been tabulated in 

Table 3.2. 
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Figure 3.14. Energy level diagram of CCSC MCs. 

Table 3.2. Energy levels of CCSC MCs as obtained from the UPS spectra and the Tauc 

plot. 

3.4.9. Femtosecond transient absorption spectroscopy 

To understand the intrinsic dynamics in CCSC MCs, femtosecond transient absorption 

spectroscopy was performed using a 400 nm pump pulse and a white light probe. Figure 

3.15 shows the contour plots of the excited state dynamics of CCSC MCs in toluene at 

short and long time delay, along with the spectral traces at long time delay. A broad ESA 

signal is predominantly obtained which is centred at 587 nm. The signal rises till 50 ps 

and decays after that.  

Ecutoff (eV) Eonset (eV)  (eV) Φ VBM (eV) Eg (eV) CBM (eV) 

16.17 1.59 5.05 6.64 1.66 4.98 
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Figure 3.15. (a) Contour plot of CCSC MCs in toluene at short time delay, (b) Contour 

plot of CCSC MCs in toluene at long time delay and (c) Spectral traces of CCSC MCs in 

toluene at long time delay (till 3600 ps). 

Similarly, Figure 3.16 depicts the excited state dynamics of CCSC MCs in 

chlorobenzene. At short time delay (Figure 3.16 (a)), a strong artefact and a weak signal 

is observed. These weak signals have been obtained due to the poor signal to noise ratio 

as can also be seen through the spectral traces where the ESA signal dominates (Figure 

3.16 (c)). A rise in the signal is obtained till 50 ps after which it decays.      
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Figure 3.16. (a) Contour plot of CCSC MCs in chlorobenzene at short time delay, (b) 

Contour plot of CCSC MCs in chlorobenzene at long time delay and (c) Spectral traces of 

CCSC MCs in chlorobenzene at long time delay (till 3600 ps). 

The time traces of CCSC obtained at 587 nm (ESA) in toluene and chlorobenzene is 

shown in Figure 3.17. The time constants and their corresponding amplitudes have been 

tabulated in Table 3.3. The short time component corresponds to the hot carrier relaxation 

process, which has been obtained at 274 ps for CCSC in toluene and 67 ps for CCSC in 

chlorobenzene. This relatively long lifetime supports the use of CCSC as an absorber 

layer for developing HCSCs. The long time component, on the other hand, corresponds to 

the trap-assisted recombination process, which has a timescale of about 4 ns in case of 

CCSC in toluene and 0.8 ns for CCSC in chlorobenzene. 
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Figure 3.17. Kinetic traces of CCSC MCs at 587 nm (ESA) in (a) toluene (blue data 

points) and (b) chlorobenzene (red data points).  

587 nm (ESA) α1 τ1 (ps) α2 τ2 (ps) σ R2 

CCSC in Toluene 0.5 274 9.1 4012 11.7 0.93 

CCSC in 
Chlorobenzene 

0.6 67 4.5 769 1.2 0.88 
 

Table 3.3. Time-constants for relaxation dynamics and related amplitudes of CCSC MCs. 

3.5. Conclusion 

Microcrystals of CCSC were synthesised and characterised using several experimental 

techniques. The microcrystals obtained were in irregular in shape and in the submicron 

range. The material was stable under ambient conditions and formed colloidal solutions in 

chlorobenzene and toluene. An indirect bandgap of 1.66 eV was obtained as the lowest 

energy transition for the as-synthesised CCSC MCs. The valence and conduction band 

levels in CCSC were determined using the UPS technique and tauc plot. Using 

femtosecond transient absorption spectroscopy, a slow hot carrier relaxation process was 

observed in the material. This study determines the potential in CCSC to be used as an 

absorber layer in hot carrier solar cells. 
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