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Abstract 

Lead-free halide perovskites have received huge interests lately following the 

unparalleled success of MAPbI3 in photovoltaics. The non-toxic bismuth-based 

halide perovskites, which offer good ambient stability compared to Pb-based 

halide perovskites, remain one of the key areas for the development of lead-free 

absorber materials. Like Pb-based halide perovskites, Bi-based perovskites also 

exhibit rich structural varieties and tunable optoelectronic properties. Among 

various Bi-based perovskites, Cs3Bi2I9 was selected for detailed investigations 

as it shows good atmospheric stability and reasonable optical bandgap for a 

single-junction solar cell. However, the photovoltaic performance of Cs3Bi2I9 

was found to be poor, limited by low photocurrent density. To comprehend this 

unusually poor performance, we carried out in-depth photophysical 

investigations on Cs3Bi2I9 combined with ab-initio calculations. A comparative 

photoluminescence spectroscopic study between thin-films and single crystals 

revealed the presence of defects that act as non-radiative recombination centres. 

This is further supported by the first principle calculations. Based on our 

theoretical calculations, we demonstrated that synthesizing Cs3Bi2I9 in excess 

BiI3 environment could passivate some of the defects, resulting in improved of 

power conversion efficiencies. Nonetheless, further investigations on 

photophysical properties show that the photovoltaic (PV) performance is not 

limited by only free carrier generation, but also on the inefficient extraction of 

carriers. Due to the zero-dimensional crystal structure, as opposed to the three-

dimensional (3D) network of lead-based halide perovskites, the extraction of 

long-lived free carriers is found to be inefficient for Bi-based perovskites. To 

overcome this problem, we replaced Cs+ with Ag+, which promotes a 3D crystal 

structure. The PV performances of the silver bismuth iodide system are found 

to be superior compared to any other bismuth-based perovskites reported so far. 

The highest power conversion efficiency is similar to that of MAPbI3 when the 

latter was first incorporated in dye-sensitized solar cell (DSSC), but with 
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improved atmospheric stability. It is worth mentioning that silver bismuth 

iodide-based solar cells were produced in ambient atmosphere, which itself is a 

massive advantage over fabrication techniques of lead-based halide perovskites. 

Overall, our study reveals that a 3D crystal structure is an essential criterion for 

high-efficiency lead-free perovskites. Our study also demonstrates that the ns2 

electronic configuration is not a sufficient parameter to describe defect-tolerant 

semiconductor, rather should be considered as one of the necessary variables 

along with structural dimensionality. 
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Lay Summary 

In 1839, a German mineralogist Gustav Rose discovered a unique crystal of 

CaTiO3 in the Ural Mountains of Russia. He later named it ‘Perovskite’ in 

honor of a famous Russian mineralogist, Lev Perovski. With further 

development in material engineering, it has been found that many elements can 

be embedded in the same type of crystal structure, which gave rise to a new 

class of materials, collectively known as perovskite. After nearly 200 years, a 

group of researchers from Japan realized that a variant of perovskite 

(methylammonium lead iodide) is outstanding at harvesting light to efficiently 

convert into electricity. Thus, a new class of solar cell: perovskite solar cell 

(PSC) was born. Within the short span of a decade, PSCs surpassed other 

photovoltaic (PV) technologies in terms of efficiency, with current state-of-the-

art PSC devices recording more than 24% efficiency. For comparison, the most 

widely used Silicon-based solar cells took nearly 60 years of extensive research 

to achieve more than 22% power conversion efficiencies. Moreover, with PSCs 

costing less than Si-based counterpart, it is unsurprising that PSCs have been 

identified as a promising emerging photovoltaic technology. However, the real 

challenges with PSCs in commercialization are long-term stability and heavy 

metal toxicity. To address these problems, we replaced lead with bismuth, 

which is non-toxic and offers excellent stability. However, PV performance of 

Bi-based perovskites (Cs3Bi2I9) are found to be limited due to discontinuous 

inorganic motifs. To resolve this bottleneck, we replaced Cs with Ag to 

improve the chemical bonding between the atoms. The solar cells fabricated 

with silver bismuth iodide (AgxBiI3+x) exhibited promising power conversion 

efficiency and excellent atmospheric stability despite being processed under 

ambient atmosphere. Hence, our study introduces a novel class of highly-stable 

materials that offers reasonable efficiency and free from heavy metal toxicity. 
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Chapter 1 

 

Introduction 

 

Pb-based halide perovskites, in particular, methylammonium lead 

iodide (CH3NH3PbI3) as a thin-film absorber material, have already 

surpassed other thin-film technologies with power conversion 

efficiencies (PCEs) over 23% at laboratory scale. Nevertheless, 

toxicity and stability remain critical issues for the widespread 

application of Pb-based halide perovskites. In this context, this 

chapter addresses the strategies for the development of novel 

perovskite materials that would be stable and non-toxic. Inspired by 

the excellent optoelectronic properties of Pb-halide perovskites, the 

screening criteria are established based on similarities in the 

chemical structure. Based on these criteria, bismuth-based halide 

perovskites were selected as an alternative PV absorber material. 

The specific hypotheses underlying the present work are presented 

in section 1.2. Section 1.3 outlines the objectives of this work that 

need to be reached. The organization and the key findings of this 

thesis are also given in the next section of this chapter. 
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1.1 Background and Broad Context 

The advancement of modern civilization relies strongly on the availability of 

energy due to a strong nexus between economic progress and energy 

consumption [1]. The population growth creates a massive demand for energy 

which is forecast to increase by approximately 35% from 2010 to 2040 [2]. 

Unfortunately, 90% of global energy today comes from fossils fuel. On the one 

hand, fossils fuel resources are limited because they are not recoverable in the 

human timescale. On the other hand, burning fossils fuels largely contributes to 

CO2 emissions into the atmosphere and subsequent climate changes. 

The Sun is the most promising source of renewable energy considering its 

abundance and cleanliness. Covering about 0.16% of the earth’s crust with 10% 

efficient devices would provide enough energy that would be equivalent to 

almost twice the global energy consumption rate [3]. The photovoltaic (PV) 

technology converts solar energy into electricity through solar cells. Since its 

inception, the PV technology has extended in many directions regarding 

materials, device architectures, and processing, with the silicon (Si)-based p-n 

junction solar cells almost completely dominating the market share today. 

While Si is abundant in the form of SiO2, the substantial processing costs 

obtaining electronic grade Si for PV applications remain a significant 

bottleneck in terms of energy payback. Based on a similar architecture, 

materials such as CdTe, CuInGaSe, CuZnSnS have been also shown to have 

great potential as solar cell absorbers to achieve high efficiency. However, they 

also suffer from high costs, materials scarcity, and toxicity [4]. A breakthrough 

came in recent years with dye-sensitized solar cells (DSSCs), which is 

composed of inexpensive organic dyes as absorber materials [5-7]. This 

technology significantly reduces the materials and processing costs of solar 

cells. The use of Pb-based halide perovskite as a solar harvesting material was 

first conceived by Kojima, et al. [8] when they replaced the organic dyes with 
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MAPbI3 and achieved an efficiency of ~3% using the DSSC configuration. 

Nevertheless, the use of iodide redox couple for charge transport was a 

significant challenge due to the instability of the perovskite in the liquid 

electrolyte environment. This problem was resolved by substituting the liquid 

electrolyte with a solid-state hole-transporting material (HTM) which improved 

both the efficiency and stability of the device. The organic-inorganic lead halide 

perovskites-based solar cells now achieved a remarkable milestone of >23% 

PCE. Regrettably, the development of perovskite solar cells (PSCs) is mostly 

focused on lead-based compounds. This impedes their commercial deployment 

due to the high toxicity of Pb and poor atmospheric stability of Pb-based 

perovskites. Therefore, there is a dire need to find an alternative material to 

replace lead while maintaining a comparable PV efficiency.  

1.2 Hypothesis/Problem Statement 

Over the last decade, PSCs have quickly emerged as one of the most promising 

third generation photovoltaics. More than thousands of articles on PSCs were 

published in 2015 alone from a hundred different research groups around the 

world. However, most of these articles were focused on the optoelectronic and 

photovoltaic properties of lead-based halide perovskites, especially 

methylammonium lead iodides (MAPbI3, MA: CH3NH3
+) and its variants. The 

race to reach highly efficient PSCs paid limited attention to the lead toxicity 

and the development of lead-free perovskites. Figure 1.1 depicts the periodic 

table of elements based on their toxicity level. Lead is one of the most toxic 

elements in the periodic table with an LD50 value of 3-4 mg/kg (database for 

chemical toxicity and radiotoxicity assessment of radionuclides (DACTARI)). 

The lethal dose 50 (LD50) of an element is defined as the amount needed to kill 

one-half of the units in the tested population after a certain period. The effect of 

lead toxicity on the human body is further described in detail in section 2.7.2 of 

chapter 2. Moreover, the high solubility of lead-based halide perovskites in 
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water increases the risk of environmental exposure manifolds; it will be a major 

obstacle to bring lead-based PSCs to the market considering the risk of leakage 

through rainwater from the damaged PSCs. Besides, lead-halide perovskites 

also suffer from instability in the ambient atmosphere. Recently the stability of 

PSCs has been greatly improved thanks to the multi-cation approach pioneered 

by the EPFL group [9-11]. However, lead-based halide perovskites continue to 

require stringent environmental conditions (usually an inert atmosphere with 

H2O < 1 ppm) during fabrications, which will be a major impediment to the 

large-scale fabrications of solar modules. The present work, therefore, attempts 

to address these two key issues of toxicity and stability of lead-based PSCs. 

 

 

Figure 1.1: Periodic table of elements illustrating the toxicity of elements (the dark red 

color signifies acute toxicity and white color signifies practically non-toxic nature; the 

toxicity scale is based on the risk of exposure, the effect on humans and ecology, and 

LD50). Data are collected from ref. [12-15]. 

 

One possible solution to both problems is to replace lead with a non-toxic metal 

cation in the perovskites structure without compromising the optoelectronic 

properties. The most common alternatives will be any non-toxic divalent 

cations, and there are several candidates satisfying these criteria as shown in 
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Figure 1.1. The Goldschmidt’s tolerance factor, which provides a robust 

framework for the formation of a stable perovskite structure can be an 

additional criterion [16, 17]. However, even in the case of stable perovskite 

formation, there is no definite reason to expect excellent functional properties, 

which mostly depend on the electronic structure. As greater demand is placed 

on functionality, we followed an inverse design approach in which the 

electronic structure of MAPbI3 was used as a searching criterion. The 

underlying principle is to imitate the electronic structure of MAPbI3 with a non-

toxic element instead of Pb, thus expecting similar optoelectronic properties. 

Recent theoretical studies revealed that the outstanding PV properties of 

MAPbI3 are derived from the cubohedral coordination of Pb and halide atoms 

[18, 19]. Figure 1.2(a) illustrates the projected density of states for the ideal 

cubic MAPbI3 perovskite, calculated with the generalized gradient 

approximation (GGA) within density functional theory (DFT). The A-site 

cation (MA+ for MAPbI3) takes no part in the photoactive region.  The valence 

band maxima (VBM) is composed of mostly I(5p) orbital with a small 

contribution from Pb(6s) orbital. The conduction band minima (CBM), on the 

other hand, is dominated entirely by the Pb(6p) orbital. The role of each atomic 

constituent on the band edge is further illustrated by the orbital interaction 

diagram, as shown in Figure 1.2(b). The bonding type interaction between I(5p) 

and Pb(6p) creates the deeper part of the valence band and the antibonding 

interaction of the same results in the CBM. The VBM is formed by the 

antibonding interaction between I(5p) and Pb(6s) orbitals. This s-p transition is 

highly favorable during photo-absorption, thereby unraveling the origin of the 

high absorption coefficient of MAPbI3. As strong absorption coefficient is 

extremely desirable for thin-film PV, the s-p transition will be an important 

parameter for designing lead-free halide perovskites. The defect tolerant nature 

of MAPbI3 is another exceptional property that makes it an excellent thin-film 

PV material. The idea of defect tolerance was pioneered by Zhang, et al. [20], 
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who stated that the antibonding nature of VBM and the bonding nature of CBM 

can promote the formation of shallow defects, leaving the bandgap free from 

dangling bonds.  For MAPbI3, the antibonding nature of VBM arises from the 

partially oxidized state of Pb, leading to defect tolerance against acceptor-type 

defects. As the CBM of MAPbI3 is antibonding in nature, it does not contribute 

directly to the defect tolerance for donor-type defects. However, the large 

relativistic effect of Pb pulls down the CBM, resulting in smaller bandgap and 

forcing the donor-type defects to resonate within the conduction bands. Further 

details on the defect tolerant properties of MAPbI3 are explained in chapter 2. 

To summarize here, the excellent PV performance of MAPbI3 which is mainly 

due to its strong absorption coefficient and defect tolerance nature, can be 

linked to its electronic structure. The s-p transition is responsible for its strong 

absorption coefficient which results in efficient photon absorption. The defect 

tolerance nature which is derived from the synergistic effect between 

antibonding VBM and relativistic spin-orbit coupling of Pb atoms, allows for 

efficient charge carrier generation and extraction.  

 

 

Figure 1.2: Electronic structure of MAPbI3. (left) Density of states plot of ideal cubic 

MAPbI3. (right) Schematic illustration of orbital interaction diagram in Pb-based 

iodide perovskites. Figure adapted from ref. [18, 19]. 
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Therefore, post-transition metals with ns2 electrons are suitable for substitution 

of lead in the perovskite structure, including In, Tl, Ge, Sn, Sb, and Bi, as 

illustrated in Figure 1.3. Such metals share similar electronic configuration as 

lead, thus expecting similar hybridization with halides and similar 

optoelectronic properties. Direct substitution of Pb with Sn has already attracted 

much attention as lead-free perovskites [21-23]. However, experimental studies 

indicate that Sn-based halide perovskites are even more precarious than Pb-

based halide perovskites and suffer from severe atmospheric instability [23, 24]. 

Like Sn-based perovskites, germanium-based halide perovskites are also 

extremely unstable in ambient atmosphere, leading to limited PV applications 

[25]. From group 13, thallium-based compounds display very similar 

optoelectronic properties as lead-based compounds, in particular, the defect 

tolerant properties of TlBr was reported several years before similar works on 

MAPbI3 [26, 27]. However, Tl is more toxic than Pb and unsuitable for 

commercial applications. From the same group, indium offers no toxicity, but 

its unstable +2 oxidation state and poor solubility in common organic solvents 

limits its thin-film PV applications.  

 

 

Figure 1.3: Possible replacement of Pb and their properties relating to solution-

processed thin-film solar cell absorber materials. 



Introduction                                                                                             Chapter 1 

8 

 

The remaining candidates, antimony and bismuth from group 15 having ns2 

electronic configuration, are highly stable under ambient atmosphere and non-

toxic, making them excellent candidates for replacing lead. Among them, 

bismuth is close to lead regarding its ionic size (easy incorporation into the 

perovskite lattice), atomic weight (responsible for relativistic effect), and 

electronegativity (Bi: 2.02, Pb: 2.33). Accordingly, Bi3+ will be a better 

candidate than Sb for replacing lead. Indeed, Bi3+ has been used as a non-toxic 

alternative of Pb for decades, in areas from organic chemistry to surgical 

procedures [28]. Figure 1.4 schematically illustrates the flow chart of this 

screening procedure to find alternatives of lead for PV applications. 

 

 

Figure 1.4: Flow chart representing the screening criteria of lead-free perovskites for 

solution-processed PV applications (see text for details). 
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Since the late 1990s, bismuth-based hybrid organic/inorganic halide compounds 

have been deemed as potential semiconductors for optoelectronic applications 

[29-31]. Most of the works, however, were limited to crystal structure and 

optical properties. Like Pb-based halide perovskites, Bi3+ also exhibits various 

anionic motifs with halides, ranging from corner-, edge-, and face-sharing 

octahedra depending on the size of the A- and X-site ions [32, 33]. However, 

contrary to lead-based halide perovskites, Bi-based halide perovskites tend to 

adopt vacancy-assisted distorted crystal structure with the chemical formula of 

A3Bi2X9.  This structure can be viewed as a defect-assisted perovskite structure 

with A3Bi2□X9, where □ denotes a Bi vacancy. However, the crystal 

dimensionality of Bi-based halide perovskites can be controlled to some degree 

by using different A-site cations. For example, large alkali metals such as Cs+ 

tend to form a zero-dimensional crystal structure (Cs3Bi2I9). Smaller cations 

such as Rb+, on the other hand, forms two-dimensional crystal structure 

(Rb3Bi2I9). Replacing alkali cations in the A-site with transition metals such as 

Cu+ or Ag+ generates different structural motifs that deviate from the octahedral 

perovskite structure. Nevertheless, heterogeneous bonding with transition metal 

cations can lead to higher dimensional structure [34, 35]. Because of this rich 

structural diversity and relative ease of fabrication by solution-processing 

techniques, bismuth-based ternary halides attracted massive attention recently 

as potential candidates for optoelectronic applications. 

1.3 Objectives and Scopes 

Although Bi-based halide perovskites exhibit interesting structural and 

optoelectronic properties, no systematic studies were conducted for PV 

applications at the time of this work. The primary objective of this dissertation 

is, therefore, to systematically investigate bismuth-based ternary iodides for 

photovoltaic applications as an alternative to lead-based halide perovskites. In 

order to fully accomplish this, a set of objectives were established as follow: 
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1. Comparison of various A-site cations for novel bismuth-based 

perovskites. Despite their limited role in the optoelectronic properties 

of Pb-based halide perovskites, the A-site cations heavily influence the 

stability and symmetry of perovskites. Among the many cations 

proposed, methylammonium (CH3NH3
+), formamidinium (CH5N2

+), and 

cesium (Cs+) received the most attention. In order to investigate the 

effect of these cations on Bi-based perovskites, experiments will be 

conducted to synthesize phase pure compounds by solution-processing 

techniques. The role of these cations on the crystal structure of Bi-based 

perovskites will be analyzed by a comparative study using X-ray 

diffraction (XRD) and Rietveld refinement methods. Moreover, the 

stability and optical properties of these Bi-based perovskites will be 

characterized by XRD and UV-Visible spectroscopy to narrow down the 

promising candidates for photovoltaics. 

2. Understanding the optoelectronic properties of novel bismuth-based 

perovskites. Different spectroscopic techniques will be exploited to 

understand the optoelectronic properties that will further unravel the 

excited-state carrier dynamics in bismuth-based perovskites. 

Photoluminescence and electroluminescence characterizations can be 

useful to probe the spectroscopic and dynamic radiative recombination 

within the thin-films which is of paramount importance for the 

performance of solar cells. Furthermore, transient absorption 

spectroscopy will assist to uncover the recombination kinetics of 

excited-state carriers, which will provide more insight into the intrinsic 

properties of bismuth-based perovskite system. Besides, in-depth 

optoelectronic studies will also aid in understanding the fundamental 

properties for the desired applications over a broad spectral range and to 

identify any fundamental restrictions. These fundamental studies aim to 

direct future studies on the development of bismuth-based perovskites. 
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3. Using first-principle calculations to complement the experimental 

findings. The limitations of experimental characterizations due to 

processing conditions, atmosphere, and uncertainty can be bypassed 

through a robust theoretical framework. Density functional theory 

(DFT) has been proven essential in understanding the electronic 

properties as well as defect characteristics.  The optical and transport 

properties of a semiconductor can be predicted from the electronic 

bandstructure calculations. A proprietary software, VASP (Vienna Ab-

initio Simulation Package) will be used to investigate the electronic 

structure of the Bi-based perovskite. The usefulness of DFT to 

accurately calculate the ground-state energy will be utilized in the 

characterizations of intrinsic defects. Based on the simulation results, a 

new course of actions will be taken during fabrication of Bi-based 

perovskite solar cells.  

4. Fabricating lead-free photovoltaics based on mesoscopic solar cell 

architecture. The goal of this study is to investigate the Bi-based 

perovskite as a lead-free solar cell absorber material. For that purpose, 

the design of experiments for fabricating solar cells will be carried out 

based on current knowledge associated with Pb-based perovskites and 

our understanding of the optoelectronic properties of Bi-based 

perovskites. Optimizations of fabrication route, charge transport layers, 

and characterizations of solar cells will be of prime importance. 

Although conventional spin coating techniques yield highly efficient Pb-

based halide perovskites, it requires stringent environmental control. An 

attempt will be made to improve the spin-coating process that can be 

carried out in ambient atmosphere without deteriorating the performance 

of solar cells. 
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1.4 Dissertation Overview 

This thesis aims to provide a comprehensive description of Bi-based ternary 

iodides as lead-based halide perovskites alternatives. The experimental 

investigations are complemented by first principle calculations to elucidate the 

role of structure-property relationships for PV applications. A particular goal of 

this thesis is to demonstrate reasonable PCE from stable lead-free compounds 

via solution-processing techniques, using various facets of engineering to 

address some of the technical problems faced by lead-free perovskite solar 

cells. Each of these avenues will be explored through the following chapters. A 

brief summary of each chapter is provided below. 

Chapter 1 provides the rationale and scope behind the selection of bismuth-

based perovskite as a lead-free alternative for PV applications. Although lead-

based halide perovskites are highly efficient, the toxicity of lead-based 

compounds cannot be ignored. Bismuth, on the other hand, is not toxic and 

possesses a similar electronic configuration as that of lead. 

Chapter 2 describes the historical and contemporary literature related to this 

thesis. This chapter can be subdivided into two parts. The first part describes 

what perovskites are and what is so special about them. A brief history on 

perovskite solar cell and its route to the fastest growing thin-film solar cell are 

also provided. The next part describes the development of lead-free solar cells. 

Here it should be noted that only full replacement of lead in perovskite solar 

cell configurations is considered. We focused mostly on the seminal works 

from various research groups that are relevant to our works. 

Chapter 3 discusses the principles underlying various experimental 

methodologies and theoretical calculations. The first part of this chapter is 

mostly focused on the experimental instruments that have been used throughout 

this work. The next part describes the first principle calculations used for 
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electronic bandstructure calculations and defect properties characterizations in 

Cs3Bi2I9 compounds. 

Chapter 4 is devoted to a systematic study on Bi-based iodide perovskites’ 

structure and stability. Initially, three cations (cesium, methylammonium, and 

formamidinium) were used for fabrications of bismuth iodide perovskites. By 

comparing stability and optical properties, Cs3Bi2I9 was selected as a prototype 

bismuth-based perovskite for in-depth characterizations by various 

spectroscopic techniques. Later, performances of Cs3Bi2I9-based solar cells are 

evaluated in mesoscopic architectures. 

Chapter 5 describes the first principle investigations on Cs3Bi2I9 which was 

initially thought to be a defect tolerant semiconductor. The electronic 

bandstructure calculation revealed that Cs3Bi2I9 is an indirect bandgap 

semiconductor in agreement with the experimental results. Further, we 

investigated the defect characteristics of Cs3Bi2I9 which revealed that defects 

that have low formation energy could create deep bandgap states. Here, the 

possible remedy was also envisioned for defect passivation in this compound 

which was then experimentally proven. 

Chapter 6 discusses the emergence of silver bismuth iodide semiconductor, the 

idea of which is based on the studies carried out on Bi-based iodide perovskites. 

Detailed morphological and optoelectronic characterizations of silver bismuth 

iodides are presented and discussed. A modified spin-coating technique was 

developed to fabricate highly efficient lead-free solar cells based on silver 

bismuth iodide under ambient conditions. Speculations are made on 

mechanisms that might be responsible for the observed improved PV 

performance. 

Chapter 7 focuses on the future outlook of lead-free perovskites research as a 

whole. The discussion also comprises the shortcoming of the current bismuth-
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based halide perovskites and possible pathways to circumvent the challenges. 

1.5 Findings and Outcomes 

The research led to several scientific outcomes by: 

1. The correlations between structure and optical properties of novel Bi-

based perovskites utilizing different A-site cations. The optical 

bandgaps of bismuth-based perovskites are found to be insensitive 

towards the size of A-site cations as long as the compound crystallizes 

into the A3Bi2I9 structure.  

2. Photovoltaic characterizations on Cs3Bi2I9 reveal that solar cell 

performances are limited by low electronic dimensionality which 

prevents efficient charge transfer. This study serves to benchmark the 

PV performances of zero-dimensional Bi-based perovskites while 

unveiling their optoelectronic properties. 

3. Defect tolerant properties of a semiconductor do not only depend on the 

bonding orbitals as initially thought for Pb-based halide perovskites. 

First principle calculations reveal the effect of the electronic 

dimensionality on the bonding environment and their role in low-

dimensional perovskites as a whole. 

4. Silver bismuth iodide can be a potential solar cell absorber material in 

thin-film solar cell configurations which offers great atmospheric 

stability, high absorption coefficient as well long carrier lifetime, 

properties essential for single junction solar cell. 

5. Dynamic hot casting technique was found to be suitable for fabricating 

thin-film solar cells in the ambient atmosphere which resulted in larger 
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grains and better coverage as compared to the conventional spin coating 

technique. 
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Chapter 2 

 

Literature Review 

 

A holistic view of the current developments in the field of perovskite 

solar cells (PSCs) is provided in this chapter, which begins with a 

short description of the perovskite crystal structure. The emergence 

of PSCs from dye-sensitized solar cells is highlighted with the 

current progress in terms of power conversion efficiencies and solar 

cell architectures. A concise commentary is made on the unique 

optoelectronic properties of Pb-based halide perovskites and the 

correlation between the crystal structure and optoelectronic 

properties. The chapter ends with a short review on lead-free 

perovskites and their development as absorber materials for 

photovoltaic applications.  
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2.1 Crystal Structure of Perovskites 

Perovskites represent a wide class of compounds, epitomized by the ABX3 

crystal structure, in which A- and B-sites are occupied by two different cations, 

and the X-sites are occupied by anions. The structure consists of a continuous 

network of corner-sharing [BX6]
4- octahedra with A-site cations occupying the 

cuboctahedral voids as illustrated in Figure 2.1. The crystal structure of 

perovskites is known to be very flexible, and a large number of perovskite 

compounds can be formed by varying A, B, and X-site atoms. In addition, 

several distorted and defect-assisted crystal structures with [BX6]
4- octahedra are 

also included in the perovskite family. The structural stability of the perovskite 

structure is strictly controlled by the size of the constituent ions which must 

follow Goldschmidt’s tolerance factor (t): 

    𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
                    (1) 

where, ri denotes the ionic radii of the respective ions (A, B, and X). At finite 

temperature, if t falls within the range [0.8–1.0], the compounds are most likely 

to form a stable perovskite structure. Distorted or non-perovskite phases are 

observed for t > 1.0 or < 0.8. It was later realized that a right t-value is 

necessary, but not a sufficient condition for stable perovskite structure 

formation. The introduction of octahedral factor (𝜇 =  
𝑟𝐵

𝑟𝑋
⁄ ) further improves 

the prediction of perovskite formability [1, 2]. Historically, oxide perovskites 

(in which the anion is oxygen) have received more attention due to their 

intriguing ferroelectric, magnetic, and superconducting properties [3]. However, 

halide perovskites have gained more interest as of late due to their fascinating 

optoelectronic properties and excellent PV performances. For lead-based halide 

perovskites, the B-sites are essentially occupied by Pb2+, the A-sites are 

occupied by organic/inorganic protonated cations, and the X-sites are occupied 

by one or more types of halide anions (Cl-, Br-, I-). For PV applications, the A is 
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a monovalent organic cation such as methylammonium (CH3NH3
+, abbreviated 

MA) or formamidinium (NH2=CHNH2
+, abbreviated FA), or inorganic alkali 

metals such as Cs+. Both A-site and X-site can be occupied by single or multiple 

types of ions, but the octahedral and tolerance factors must be followed for a 

stable perovskite structure, as illustrated in Figure 2.1(b). Based on these 

criteria, different combinations of organic/inorganic cations and halide atoms 

have been proposed, synthesized, and characterized. Most interestingly, any 

combination of cations at the A-site (within tolerance limit) exhibits excellent 

optoelectronic properties in general. 

 

 

Figure 2.1: Perovskite crystal structure and stability region based on Goldschmidt’s 

tolerance factor and octahedral factor. (a) Schematic illustration of crystal structure of 

ideal cubic perovskites (ABX3) showing [BX6] octahedra. For PV applications, the A-

site is usually the methylammonium ion (CH3NH3
+), the B-site cation is Pb2+ and X-

sites are occupied by halide ion (usually I-, but both Cl- and Br- are also of interest). 

The cubic phase of CH3NH3PbI3 is stable only above 330 K. (b) The (t, μ) map for 138 

perovskite compounds showing stable (red) and unstable (black) compounds based on 

DFT formation energy calculations. Figure adapted from ref. [4]. 
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2.2 Progress of Perovskite-based Solar Cells 

While halide perovskites are known for many decades, studies related to 

optoelectronic devices were only instigated by Mitzi et. al. [5, 6] in the 1990s. 

Nevertheless, the use of halide perovskites in photovoltaics was not realized 

until Kojima, et al. [7] demonstrated using CH3NH3PbX3 (X = Br, I) as a 

visible light sensitizer in photoelectrochemical cells in 2009. Despite the low 

power conversion efficiency (~3%) and extreme instability in liquid 

electrolytes, the devices showed impressive open-circuit voltage (VOC = 0.96 V 

with CH3NH3PbBr3) along with 65% external quantum efficiency (EQE). The 

efficiency was further improved by Im, et al. [8] through optimizing the 

mesoporous layer and concentration of perovskite precursor. They achieved an 

efficiency of 6.5% ((JSC = 15.82 mA cm-2, VOC = 0.706 V and FF = 0.586) with 

CH3NH3PbI3. However, the biggest problem was the stability of the devices due 

to the high solubility of halide perovskites in liquid electrolytes. A 

breakthrough came in 2012 when Kim, et al. [9] replaced the liquid electrolyte 

with a solid-state hole-conductor, Spiro-OMeTAD. They achieved a record 

efficiency of 9.7% from CH3NH3PbI3 using 0.6 μm thick TiO2 mesoporous 

layer as a scaffold. At the same time, Lee, et al. [10] revealed that TiO2 

mesoporous layer is not necessary for high-performance perovskite solar cells. 

They used a mixed halide CH3NH3PbI3-xClx system as an absorber layer on both 

Al2O3 and TiO2 mesoporous layer, and the highest efficiency (10.9%) was 

achieved with an insulant Al2O3 where no charge extraction occurs. These two 

reports were the main catalyst that triggered the explosive research activity on 

halide perovskites around the globe. 

Later, a combined effort from Gratzel’s and Seok II’s groups [11] resulted in a 

record efficiency of 12% utilizing CH3NH3PbI3 as the light harvester with a 

mesoporous TiO2 as ETL and PTAA as HTM. A further improvement in 

efficiency was recorded by Burschka, et al. [12] when they developed a 2-step 
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deposition technique in which lead iodide (PbI2) was first spin-coated on a 

mesoporous TiO2 layer, followed by dipping into a CH3NH3I solution for 

conversion into the CH3NH3PbI3 absorber layer. Their efficiency was first to be 

verified by an independent accredited test center which certified an efficiency 

of 14.1%. In the same year, Snaith’s group also reported a planar perovskite 

solar cell with an efficiency of 15.1% [13]. The planar structure does not 

contain any mesoporous layer, which allowed a two-source thermal evaporation 

technique for CH3NH3PbClxI3-x deposition. Another breakthrough came when 

Seok II and coworkers developed an antisolvent treatment for the thin-film 

fabrication and reported a record 16.2% efficient perovskite solar cell [14]. The 

antisolvent technique eventually became a standard procedure for high-

efficiency PSC fabrication. This was followed by 19% (18% certified) [15] and 

later a landmark value of 20.2% [16] power conversion efficiency at 1 sun 

illumination. At the end of 2015, the efficiency of perovskite solar cells reached 

to a record value of 21.1%, which was eventually broken by researchers from 

KRICT and UNIST with a certified efficiency of 22.7% for a single-junction 

perovskite solar cell [17]. The graphic representation in Figure 2.2 illustrates 

the current success of Pb-based halide perovskites as compared to other PV 

technologies in the last 45 years. Meanwhile, perovskite solar cells also 

underwent rapid developments in the other vital areas such as stability, device 

engineering, interface engineering, charge transporting materials, and 

understanding of the fundamental properties. 
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Figure 2.2: Progress of several photovoltaic technologies. Figure adapted from ref. 

[18]. 

 

2.3 Perovskite Solar Cell Architecture 

The first perovskite solar cell (PSC) was envisioned as a dye-sensitized solar 

cell (DSSC) in which MAPbI3 was used as an alternative dye on a mesoporous 

TiO2 (mp-TiO2) layer, and a liquid redox electrolyte was used for charge 

transfer to the electrode. The electrolyte was subsequently substituted by solid-

state hole-transport materials (HTM) which improved the efficiency and 

stability of the solar cells. Since then, PSCs have progressed into two distinct 

device architectures: one is mesoscopic, and the other is planar. In both cases, 

the perovskite layer is sandwiched between selective charge extraction layers. A 

nanoporous oxide scaffold layer is impregnated with the perovskite absorber in 

the mesoscopic framework. For better loading and efficient extraction, a 

perovskite capping layer is usually required on top of the scaffold. The planar 

structure, on the other hand, avoids the use of mesoporous layers, taking 

advantage of the long carrier diffusion-length of lead halide perovskites. 

Depending on the fabrication route, both structures can be viewed as p(p-type 
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selective layer)-i(intrinsic absorber layer)-n(n-type selective layer) or n-i-p thin-

film solar cells. In general, a transparent conducting glass serves as a substrate 

on which the ETL (for n-i-p configuration) or HTM (for p-i-n configuration) is 

deposited, followed by a perovskite absorber layer, a hole selective layer (for n-

i-p configuration) or an electron selective layer (for p-i-n configuration), and a 

metal contact subsequently deposited (Figure 2.3). As the mesoscopic scaffold 

requires high temperature sintering steps (typically 500 ℃ for TiO2), it excludes 

the use of low melting point substrates, such as plastics. Planar structure, on the 

other hand, provides a simplified and low temperature processing route for 

flexible substrates as well. However, the solar cell performances of both 

architectures are comparable, with record PCEs of over 20% under 1 sun 

illumination [17, 19]. More recently, multi-junction PV devices (tandem) have 

shown promise for their low cost and the potential to exceed the Shockley-

Queisser efficiency limit [20-22]. To further reduce the costs of HTMs, triple 

mesoscopic perovskite solar cells have received considerable attention recently. 

In triple mesoscopic perovskite solar cells, three different mesoscopic layers are 

stacked together, followed by deposition of the perovskite layer. The 

mesoscopic layers are usually made from screen-printed mesoporous TiO2, a 

ZrO2 spacer layer, and a carbon electrode. This type of device structure requires 

no HTMs or back metal contact, reducing costs further and improving the 

device stability [23, 24]. 
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Figure 2.3: Commonly used perovskite solar cells architecture: Schematics of PSCs 

based on (left) mesoscopic configuration, (middle) planar structure with n-i-p 

configuration, and (right) planar p-i-n configuration (commonly referred to as 

“inverted”). 

 

2.4 Working principles 

The first perovskite solar cell was built on the exact frame of the dye-sensitized 

solar cells (DSSCs) or Grätzel cells [25], in which the n-type TiO2 electrode 

was sensitized with the perovskite quantum dots and placed inside a liquid 

electrolyte (I-/I-
3 redox couple). Currently, several types of perovskite solar cell 

architecture are used, as discussed in the previous section. While the operating 

principles of different architectures are almost the same as shown in Figure 2.4, 

the excited-state carrier dynamics and charge transfer may vary depending upon 

the PSC architecture. Since the solar cells reported in this thesis are based on 

the mesoscopic architecture, the working principles of the mesoscopic 

architecture are discussed here.  
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Figure 2.4: Working principle of perovskite solar cells. (a) Schematic illustration of 

charge generation and transport inside mesoporous PSCs. (b) Charge transfer 

mechanism in TiO2 and Al2O3 mesoporous layer in perovskite-based solar cells. Figure 

adapted from ref. [26]. 

 

Originally developed from the DSSCs, the mesoscopic architecture is composed 

of an n-type mesoporous scaffold layer (mp-TiO2), on which the perovskite is 

deposited. In contrast to single layer absorbers in DSSCs, this perovskite layer 

can infiltrate pores and form a capping layer on top of the scaffold (Figure 

2.4(a)). After photo-absorption, a bound electron-hole pair (exciton) is formed 

inside the bulk perovskite, which readily converted into free carriers at room 

temperature due to its low exciton binding energy. Eventually, charge 

separation occurs by injecting the electrons into the ETL and the holes into the 

HTM. Both processes occur in ps timescale, which is much faster than the 

recombination timescale (ns to μs) in bulk or at interfaces, resulting in an 

efficient charge transfer across the layers [27]. Nevertheless, the presence of n-

type mp-TiO2 is not necessary for efficient PSCs. It has been demonstrated that 

insulating mesoporous layers such as Al2O3 or ZrO2 layer-based devices 

perform as efficiently. This indicates that the interface is not required for charge 
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separation in PSCs. Later, Etgar, et al. [28], [29] presented HTM-free 

perovskite devices, indicating that perovskite can also function as an effective 

HTM. With further progress in this field, the ambipolar nature of MAPbI3 was 

supported experimentally [30] and computationally [31-33]. In view of the 

multiple functions of the perovskite layer in PSCs, the possible charge transfer 

mechanisms along different layers in TiO2 and Al2O3-based solar cells are 

schematically exemplified in Figure 2.4(b). Although the presence of an n-type 

mesoporous layer brings no added advantage for MAPbI3-based PSCs, the 

charge collection efficiency is greatly influenced by the mesoscopic layer for 

‘not-so-good’ semiconductors [34]. Hence, the Bi-based perovskites solar cells, 

in this thesis, are fabricated based on the mesoscopic solar cell architecture to 

utilize efficient charge collection mechanism. 

2.5 Unique Optoelectronic Properties of MAPbI3 

Over a short period, perovskite solar cells (PSCs) exhibited remarkable 

progress in terms of PCE through rapid development in device architecture, 

charge transport layer, deposition methods, and compositional engineering. The 

exponential growth of PSCs is often attributed to the exceptional optoelectronic 

properties of MAPbI3, which are fittingly tailored to PV applications. However, 

many of its current achievements are also due to the through ongoing 

investigations of the fundamental properties. While some crucial issues still 

remain unanswered [35], the following section highlights the key aspects of 

MAPbI3 that make it so unique for PV applications. 

2.5.1 Broad and Tunable Light Absorption 

The most critical parameter of a PV material is the absorption coefficient (α). 

Methylammonium lead iodide (MAPbI3) has a direct bandgap of ~1.6 eV with 

high absorption coefficient (~105 cm-1) in the visible range [30]. The strong 

optical absorption allows the required thickness to be extremely thin without 
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sacrificing the photogenerated carriers. For example, the PSCs only require an 

absorber layer of 0.3–0.6 μm, while crystalline silicon solar cells need about 

300 μm to absorb the visible light fully. Figure 2.5 shows the absorption 

coefficient spectra of various semiconductor materials used for high performing 

PV applications. Besides, the thin absorber layer further minimizes open-circuit 

voltage (VOC) loss by reducing charge recombination induced saturated dark 

current [36]. The strong absorption coefficient of MAPbI3 can be explained by 

the presence of large joint density of states (JDOS) near the bandgap and the 

favorable s-p transition [37]. Given the high absorption coefficient and direct 

bandgap, a 200 nm thin-film of MAPbI3 can achieve a theoretical efficiency up 

to 21% [38]. Besides, the absorption edge of lead halide perovskites can be 

easily tuned by partially or fully replacing A-site cations and halogen atoms, 

without significant changes in optoelectronic properties (Figure 2.5). This 

would widen the possibility of different types of optoelectronic devices. 

 

 

Figure 2.5: Absorption spectra of lead halide perovskites. (left) Absorption coefficient 

of semiconductors for PV applications. (right) The absorption coefficient spectra of 

MAPb(BrxI1−x)3. Inset: photograph of MAPb(BrxI1−x)3 based PSCs with x ranging from 

0 to 1 (left to right). Figure adapted from ref. [39, 40]. 
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2.5.2 Efficient Free Charge Carrier Generation 

High absorption coefficient is necessary but not a sufficient condition for 

generating large photo-carriers, it would also rely on the efficient dissociation 

of the exciton (bound hole-electron pair). Exciton binding energy (Eb) is the 

minimum energy required to separate the excitons into free carriers, which 

contribute to the photocurrent. If Eb < kT, then thermal energy would be 

sufficient to generate free carriers; therefore, small exciton binding energy (less 

than room temperature thermal energy ~26 meV) is highly desirable for PV 

applications. On the other hand, additional efforts are needed for 

semiconductors having Eb > kT to ensure that excitons at room temperature are 

dissociated. For example, a significant form of VOC loss in organic 

photovoltaics (OPVs) is due to the energy required to separate Frenkel excitons, 

which have large exciton binding energy (0.20 – 1.0 eV) [36, 41].  The Eb for 

MAPbI3 is much lower than OPVs, with values ranging from just two meV to 

as high as 75 meV depending upon the morphology, crystallinity of films and 

measuring techniques [42-46]. However, it is agreed that free charge carriers 

dominate the conversion process from photons to photocurrent in PSCs [36, 

47]. This essentially confirms the non-excitonic nature of MAPbI3 and the 

mechanism of small VOC losses in PSCs. 

 

2.5.3 Exceptionally Long Carrier Diffusion-length 

Since MAPbI3 is an excellent PV material, the carrier diffusion length in thin-

films exceeds one μm [30] and up to 175 μm in single crystals [48]. For 

comparison, the typical low temperature processed semiconductors have a 

carrier diffusion lengths about 10 nm [49]. The long carrier diffusion-length in 

MAPbI3 ensures that the photogenerated carriers can travel long distances 

before they recombine and can be extracted efficiently. Recent theoretical and 
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experimental studies have shown that reasonable carrier mobility (μ) and 

excellent recombination lifetime (τ) are the reason behind long carrier diffusion-

length. The reasonable carrier mobility arises from the small effective mass of 

holes and electrons, which are found to be quite balanced as well for MAPbI3. 

This results in superior and ambipolar charge transport [37]. High intrinsic 

mobility also depends on the electron-phonon coupling. The weak coupling in 

MAPbI3 helps the photogenerated carriers to quickly relax to band-edges, 

leading to high intrinsic mobilities [50, 51]. Despite that, the intrinsic carrier 

mobility of MAPbI3 is modest (tens of cm2/Vs) compared to high-quality 

inorganic PV materials such as GaAs or Si [37]. However, what separates 

MAPbI3 from other PV materials is the carrier recombination lifetime. The 

lifetime of excited-state carriers in low-temperature processed MAPbI3 (ranging 

from 100 ns to 15 µs) is comparable to that of high-quality GaAs. The average 

mobility and long carrier recombination lifetime lead to extremely long drift 

and diffusion lengths that are much longer than the light penetration depth. This 

explains excellent carrier collection in PSCs. 

 

2.5.4 Benign Defects in MAPbI3 

The role of defects is very critical for thin-film photovoltaics, as the formation 

of defects is inevitable during low-temperature fabrication process. The 

nonradiative recombination and the carrier scattering which reduces the carrier 

recombination lifetime, is generally caused by the defects that create mid-

bandgap states. Interestingly, grain boundaries defects and intrinsic point 

defects having low formation energy, do not create mid-bandgap states in 

MAPbI3 and therefore can be considered as electronically benign [52]. Point 

defects that create mid-bandgap states, on the other hand, have high formation 

energy and are unlikely to form during normal synthesis conditions [37, 53]. 

The formation energies of the intrinsic defects in MAPbI3 and their transition 
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levels are shown in Figure 2.6. In addition, neutral Schottky and Frenkel defects 

were also found to be in resonance with the bands, most likely due to the ionic 

nature of MAPbI3 [53]. The “superior optoelectronic properties” of MAPbI3 are 

often attributed to these excellent defect tolerant properties which arise from 

unusual valence band maximum (VBM) and conduction band minimum (CBM) 

characteristics. The CBM and VBM of [PbI6]
4- cluster (the building block of 

Pb-based halide perovskites) are composed of antibonding orbitals, resulting 

from the partially oxidized Pb2+ cation. The antibonding-type orbitals push the 

VBM energy up, resulting in resonant cation vacancies. On the other hand, 

relativistic spin-orbit interaction increases the width of the Pb(6p) conduction 

band. Therefore, any dangling bonds due to anion vacancies will appear as 

resonances within the conduction band [54]. Hence, the lifetime of the carriers 

remains so high in MAPbI3 thin-film even after processing under low 

temperature and from a solution-based route. 

 

 

Figure 2.6: Transition energy levels of intrinsic donors and acceptors in CH3NH3PbI3. 

The values in the parentheses indicate the formation energy of the respective neutral 

defects. MA stands for methylammonium (CH3NH3). Figure adapted from ref. [55]. 
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2.6 Challenges in Perovskite Solar Cells 

2.6.1 Instability of Perovskites 

While the PCE is soaring to a record high, the easy-to-fabricate PSCs face the 

grandest challenge in commercialization as they are also easy-to-degraded.  

Long-term stability remains a significant issue in exploiting the full potential of 

solution-processed low-cost PSCs. Figure 2.7 shows the state-of-the-art PCE vs. 

lifetime of the PSCs. The highly efficient PSCs have lifetime around 1000 hrs, 

which is much shorter as compared to the lifetime of commercial Si PV. The 

best lifetime was obtained around 10000 hrs (1 year) but with much-reduced 

PCE (12%) [56]. Besides, the highly efficient devices must be fabricated in 

meticulous environments, and the efficiency drops instantly upon contact with 

the ambient atmosphere. The main reason for this degradation is the intrinsic 

instability of MAPbI3 under various environmental factors, such as moisture, 

oxygen, UV radiation, and electrical and thermal stress [57-61]. In the presence 

of moisture/water, MAPbI3 can quickly degrade into PbI2 through a series of 

hydrated intermediate phases [62, 63]. While the exact mechanism and reaction 

kinetics are still being discussed, UV radiation, and oxygen speed up the 

reaction kinetics [64]. Moreover, MAPbI3 also undergoes reversible structural 

changes from tetragonal to cubic at ~58 ℃, which can affect both performance 

and long-term stability during operating conditions, which can reach 80 ℃ or 

higher in tropical environment. Thermal treatment could also lead to ionic 

migration and interdiffusion, leading to irreversible degradation [65].  
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Figure 2.7: The state-of-the-art of PCE vs lifetime of PSCs. Composition and interface 

engineering remain two key aspect to improve the stability of PSCs (see ref. [66] for 

details) [66]. 

 

One way of circumventing this problem is through encapsulation schemes such 

as sealing the devices with hydrophobic polymer [67, 68], or utilizing triple 

layer mesoporous structure [24, 69], or using hydrophobic charge transport 

layers [70]. Interface degradation between ETL and the perovskite layer can be 

overcome by replacing TiO2-based ETL which shows photocatalytic behavior 

under UV illumination. UV-stable ETL materials (such as BaSnO3) or an 

interfacial layer (such as CsBr, CsI, Sb2S3 or Cl atoms) between the ETL and 

absorber layer have been demonstrated to improve the stability of PSCs [71-

75]. Commonly used organic HTMs such as Spiro-OMeTAD, P3HT, and 

PTAA also suffer from moisture and thermal instability in their doped form, 

which can be prevented by substituting with inorganic HTMs such as CuI, 

CuSCN [76]. Triple mesoscopic perovskite structure has been demonstrated to 
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overcome the stability problem at the cost of less efficiency compared to the 

state-of-the-art perovskite solar cells [58, 69, 77].  

The chemical stability of MAPbI3, however, remains an open question. Efforts 

have been put forth to alleviate the degradation mechanism without 

deteriorating the optoelectronic properties. The use of mixed halides and/or the 

reduction of structural dimensionality are potential pathways; the removal of 

chemically labile organic cation is another effective way of achieving relatively 

stable perovskite materials. Noh, et al. [78] demonstrated that replacing iodide 

by bromide can improve overall device stability under light. Mixed iodide-

chloride perovskite systems are also found to be more stable than MAPbI3 [10, 

13]. Later,  Jiang, et al. [79] showed that partial replacement of iodine with 

thiocyanate anion (SCN-) also improved the moisture stability. More recently, 

partial replacement of MA with a mixture of organic/inorganic cations showed 

remarkable stability under ambient atmosphere [80-82]. Apart from that, 

mixtures of 2D/3D perovskite (employing a larger organic cation) also exhibit 

better stability than pristine MAPbI3, but with a low PCE compared to that of 

MAPbI3 PSCs. While the stability has been boosted to a certain degree, it still 

falls well short of the strict prerequisites for long-term practical uses.  

 

2.6.2 Toxicity of Lead 

Despite the enormous success of Pb-based halide perovskites, the toxicity 

associated with Pb2+ cannot be ignored. Extensive investigations have reported 

the calamitous effect of only a few micrograms of Pb accumulated in the human 

body, especially in children [83, 84]. Lead is one of the most poisonous metals 

affecting almost all the organs in the human body. The presence of lead in the 

human body often remains undetected due to no visible symptoms. However, 

long-term exposure results in an adverse impact on cognitive abilities, bone, 
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tissues, various organs, nervous system; even long-term exposure of heavy lead 

levels linked to death [85]. Although a through life cycle assessment of PSCs is 

premature at this stage, the toxicity of heavy metals is indisputable. All the 

highly efficient PSCs contain more than 10% lead in weight which is much 

higher the regulation limit of heavy metals in consumer electronics [86, 87]. 

The European Union, for example, limits the maximum lead concentration to 

0.1% in weight. Another significant issue with lead-based halide perovskites is 

their water solubility. Lead halide perovskites dissolve readily in water, which 

can eventually accumulate in the food chain and therefore end up into the 

human body.  

2.7 Lead-free Perovskite Solar Cell 

2.7.1 Homovalent Substitutions of Pb 

Concern over the potential adverse environmental impact of Pb-based halide 

perovskites forced us to search for a suitable replacement of Pb in perovskite 

structure. Rationally, any element with +2 oxidation state can replace lead in 

perovskite structure. However, theoretical calculation revealed that apart from 

Sn and Ge, other divalent cations do not form perovskite structure, or the 

resultant bandgap is too high for PV applications [88]. Hence, Sn and Ge 

remain the most interesting because of their similar electronic configuration as 

Pb. The study of Sn-based halide perovskites was also started in the 1990s 

when Mitzi, et al. [6] showed conducting behavior of CH3NH3SnI3. After the 

phenomenal success of Pb-based halide perovskites in PV, the Sn-based halide 

perovskites received renewed interests. In one of the earlier report, it was 

demonstrated that oxidation of Sn2+ to Sn4+ in the presence of oxygen leads to 

self-doping in the thin-films and can behave differently depending upon the 

fabrication route[89]. Eventually, the first PV device with Sn-based halide 

perovskite (CH3NH3SnI3-xBrx) resulted in 5.73% PCE with JSC of 

16.30 mA cm−2, and VOC of 0.68 V in planar configuration, albeit with 



Literature review                                                                                     Chapter 2 

39 

 

extremely poor stability in ambient atmosphere [90]. Within same time, Noel, et 

al. [91] reported CH3NH3SnI3 based compounds with 6.4% PCE with an 

impressive VOC of 0.88 V. As compared to CH3NH3PbI3 (bandgap of 1.55 eV), 

the Sn-analogue (CH3NH3SnI3) has smaller bandgap (1.3 eV), which can also 

be engineered through chemical substitution of halogen atom [92]. However, 

the solar cell devices degraded within 24 hours after exposing to the ambient 

atmosphere. In a similar approach, Kumar, et al. [93] demonstrated CsSnI3-

based thin-films suffered from severe defects formation due to self-oxidations. 

They demonstrated that solar cell efficiency could be increased from merely 

0.0003% to ~2% with the addition of SnF2 which reduces the intrinsic defect 

concentration. Unfortunately, the propensity for Sn2+ to undergo oxidation to 

Sn4+ has proved challenging to overcome and results in poor morphology and 

fast degradation.  Later, a two-step synthesis of MASnI3 was proved to be 

useful to retard the oxidation of Sn2+, however no device data were reported 

[94]. A record efficiency of 7.7% was later obtained when thin-films of 

MASnI3 was deposited by pulsed laser deposition technique [95]. Nevertheless, 

the PCE of Sn-based halide perovskite still remains low compared to Pb-based 

halide perovskites, and extreme instability in ambient atmosphere makes it 

more difficult for PV applications. The Ge-based halide perovskites were also 

received much interest initially as a Pd-free alternative [88]. However, poor 

PCE (< 1%) and atmospheric instability are still the most significant challenges 

to overcome. Apart from Sn and Ge, other divalent metals do not exhibit 

perovskite crystal structure as they lie outside of the stability region in (t, μ) 

map. However, metastable phases can be formed by employing suitable A-site 

cations. Recent high-throughput calculation predicted Mg-based iodide 

perovskites as lead-free perovskite compound for PV applications [96]. Figure 

2.7 shows the calculated bandgap values of lead-free perovskites employing 

different divalent cation as B-site cation. However, detailed experimental 

investigations are still lacking to rule out the divalent cations. 
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Figure 2.8: Calculated bandgaps of AMX3 halide perovskites (A: K, Rb, Cs; M is the 

divalent cations on x-axis; X: Cl, Br, I). Figure adapted from ref. [88]. 

2.7.2 Heterovalent Substitutions of Pb 

The group 13 and 15 elements from periodic table shares the similar electronic 

structure of Pb but comes with different oxidation state, which prevents the 

formation of the conventional perovskite structure. Nevertheless, high stability, 

similar electronic structure, and low toxicity make them excellent candidates for 

the replacement of Pb.  

A. Bi-based halide perovskite 

Bi-based halide perovskites have long been studied for their rich variety of 

structural composition [97-99], but most of works were limited in 

ferroelectricity, phase transformation, and non-linear optical properties. 

Recently, Bi-perovskites of the family of A3Bi2X9 (A = alkali/organic cation, X 

= halogen anion) has received renewed attention among the photovoltaic 

community as lead-free absorber materials. Lehner, et al. [100] examined the 

crystal, and electronic structure of A3Bi2I9 (A = K+, Rb+, Cs+) compounds both 

experimentally and computationally. They found that the effect of the cations 
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on the optical bandgap is negligible. All three cations exhibit an optical 

bandgap of about 2 eV. Later, Park, et al. [101]  reported MA2Bi2I9 (MA = 

Methylammonium) and Cs3Bi2I9 based solar cell devices with efficiencies 

0.12% and ~1% in mesoscopic solar cell architecture. Shortly after that, Lyu, et 

al. [102] also reported MA3Bi2I9 based perovskite solar cell with efficiency of 

0.19% in planar structure architecture. They found that the carrier density in 

MA3Bi2I9 is around 1016 cm-3, which is nearly seven orders of magnitude higher 

than MAPbI3 thin-films. Although Bi has a similar electronic configuration to 

that of Pb, the devices based on Cs3Bi2I9 do not perform very well as compared 

to MAPbI3. However, the solar cell devices were quite stable and performed 

without any hysteresis, demonstrating distinct advantages over Pb- and Sn-

based PSCs. Recently, Hoye, et al. [103] indicated that vapor processing films 

show better PL performance as compared to the solution processed ones. They 

pointed out that non-radiative recombination, to be the limit for the 

performance of the MA3Bi2I9 thin-films. Interestingly, MA3Bi2I9-based PSCs 

prepared on anatase TiO2 mesoporous layer showed better performances than 

those prepared on a planar structure or brookite TiO2 mesoporous layer [104]. 

This illustrates that additional optimizations are needed on device level to 

improve the performance of Bi-based perovskites further. 

B. Sb-based Halide Perovskites 

Like Bi-based halide perovskites, Sb-based halide perovskites also exhibit low 

dimensional structure, which can be modified by appropriate A-site cations. 

The first report on Cs3Sb2I9 as an absorber material in mesoscopic solar cell 

configuration yielded <1% PCE, but thin-films exhibited excellent ambient 

stability [105]. Later, replacing Cs+ with smaller cations such as Rb+ and NH4
+ 

resulted in improved PV performance and better control over crystal structure 

[106, 107]. Recently, Boopathi, et al. [108] reported more than 2% PCE with 

MA3Sb2I9 with a planar structure by improving the thin-film morphology with 
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HI addition in the precursor solution. Although the initial results are quite 

impressive with Sb-based halide perovskites, the intrinsic disorder in the crystal 

structure appears to be a significant obstacle in achieving high PCE. 

C. Halide-based Double Perovskites 

Since Bi- and Sb-based halide perovskites exhibit low-dimensionality, an 

alternative approach would be an addition of monovalent cation and trivalent 

cation together to maintain the 3D perovskite structure. This results in double 

perovskite structure with ordered B-site cations and a general formula of 

A2B
IBIIIX6 (Figure 2.8). Although double perovskites are quite well-known in 

the field of oxide perovskites, synthesis of halide double perovskites appears to 

be a significant hurdle. Slavney, et al. [109] were first to synthesize 

Cs2AgBiBr6 halide double perovskite, which shows more than 700 ns carrier 

recombination lifetime and remarkable stability. Recent reports also recorded 

promising PCE using Cs2AgBiBr6 in both mesoscopic and planar architecture 

[110-112]. However, the optical bandgap of Cs2AgBiBr6 is above 2 eV which 

restricts its usage as a highly efficient single junction solar cells. Recently, first 

principle calculations have been extensively used to predict suitable bandgap 

PV materials based on double perovskite crystal structure [72, 113, 114]. Figure 

2.8 shows the recent work from Zhao, et al. [115], highlighting the promising 

double halide perovskites based on DFT calculations. Nevertheless, more 

experimental works are needed to find suitable synthesis route and thin-film 

formation for their applications in PV [116-118]. 
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Figure 2.9: Screening of lead-free halide double perovskites. (a) Crystal structure of 

A2M
+M3+XVIIX6 double perovskites which forms by cation transmutation (right panel). 

(b) Results of screening process by considering the following properties: 

decomposition enthalpy (ΔH), band gap, carriers’ effective masses (me*, mh*), and 

exciton binding energy (ΔEb). The optimal compositions are marked with red checks. 

Figure adapted from ref. [115]. 

2.8 Conclusions 

The direct bandgap, high absorption coefficient in visible wavelength, 

reasonable transport properties, defect tolerant nature, long carrier diffusion 

length and recombination lifetime are the most sought-after properties for a 

high-quality PV semiconductor. In this aspect, lead-based halide perovskites 

especially MAPbI3 triumphs over all other thin-film PV materials as these 

excellent properties can be achieved in MAPbI3 even with inexpensive solution 

processable fabrication route. Within three years of their discovery as PV 

semiconductor, Pb-based halides perovskite became the most promising third-

generation PV technology. However, there are three crucial issues with PSC 

before it becomes a commercial success: long term stability, large scale 
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fabrication, and toxicity. Although research into stability and large-scale 

production has gained positive momentum recently, the toxicity of Pb remains 

an open issue.  One viable solution to eliminate Pb hazards is to replace Pb 

completely with non-toxic metal cations. Based on current understanding of Pb-

based perovskites and coupled with high throughput calculations, various 

homovalent and heterovalent alternatives have been proposed, most notably Sn-

based halide perovskites, Bi- and Sb-based halide perovskites and double 

perovskites. However, there are numerous difficulties must be tended to before 

these new materials become competitive alternatives. 
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Chapter 3 

 

Experimental and Theoretical Methodology 

 

This chapter outlines the various experimental and theoretical 

methods used in this thesis. The first part of this chapter discusses 

the experimental techniques used for fabrication of thin-films, single 

crystals and PV devices. The specifications of each characterization 

techniques and conditions are also mentioned in this chapter. The 

second part of this chapter gives a brief introduction to VASP.  The 

approximations and limits of VASP were also discussed in general. 

The methodology for defect characterizations using DFT were also 

outlined here. Deviation from these procedures not stated here are 

described in the relevant section. 
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3.1 Materials and Chemicals 

All the relevant chemicals, unless otherwise mentioned, were purchased from 

Sigma-Aldrich, stored in the glovebox and were used without further 

purification. The glovebox was maintained under argon atmosphere with H2O < 

1 ppm and O2 < 1 ppm. Solvents including dimethylsulfoxide (DMSO) 

(99.8%), dimethylformamide (DMF) (99.8%), and toluene (99%) were 

purchased in anhydrous form. The methylammonium iodide (CH3NH3I, MAI), 

formamidinium iodide (CH5IN2, FAI) and TiO2 nanoparticles paste (30NRD) 

were purchased from Dyesol (now Greatcell solar), Australia. 

Poly(triarylamine) (PTAA), Poly(3-hexylthiophene-2,5-diyl) (P3HT), and 

2,2',7,7'-Tetrakis-(N, N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-

OMeTAD) were purchased from Sigma-Aldrich. Poly(4-

butylphenyldiphenylamine) (PTPD) was purchased from Ossila Ltd. For solar 

cell device fabrication, Fluorine doped tin oxide (FTO) from Nippon Sheet 

Glass (TEC 7, Resistivity: 6-8 ohm/sq) was used as substrates. Quartz glass was 

used for spectroscopic measurement. 

3.2 Synthesis of Materials 

The thin-films of relevant absorber materials are fabricated via solution 

processing due to inherent advantages of stoichiometry control and ease of 

operations. In addition, all the thin-films were fabricated via single step 

deposition methods, i.e. all the required chemicals were dissolved together in a 

solvent for deposition. 

3.2.1 Bi-based Iodide Perovskite Synthesis 

For Cs3Bi2I9 thin-films, the precursor CsI and BiI3 were mixed in 1.5:1 atomic 

ratio in DMSO:DMF (4:1 v/v) mixed solvent. Depending on the requirement, 

the concentration of the solution was varied by controlling the amount of the 

precursor. For MA3Bi2I9 and FA3Bi2I9, a similar procedure was followed with 
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MAI and FAI as A-site cation source respectively. The precursor solutions were 

kept stirring using a magnetic bead for overnight at 70 C to dissolve properly. 

The spin coating was carried out via single-step thin-film deposition method. 

Around 40 µL precursor solution was spread onto the substrate, following by 

spinning at 2000 rpm for 30 s. The substrates were annealed afterwards at 100 

℃ for 15 min on a hotplate. All the spin coating steps for Bi-based perovskites 

were performed inside an Ar-filled glovebox with H2O < 1 ppm.  

The single crystals of Cs3Bi2I9 were grown by antisolvent diffusion 

crystallization method. Typically, 779.7 mg CsI and 1179.38 mg of BiI3 was 

dissolved in 10 ml DMF and the solution was filtered through 0.2 µm 

polytetrafluoroethylene (PTFE) syringe filter. The precursor solution containing 

vial was kept inside a beaker in toluene environment undisturbed for few days 

to obtain mm size single crystals. 

3.2.2 AgxBiI3+x Thin-films 

For synthesizing AgxBiI3+x thin-films, the stoichiometric amount of AgI and 

BiI3 were mixed together in DMSO:DMF (7:3 v/v) and kept for overnight 

stirring at 70 C. For AgBiI4, the ratio of AgI-to-BiI3 was kept 0.9:1 and for 

Ag2BiI5, the ratio was 2:1. In normal spin coating (NSC) method, spin speed 

was maintained at 5000 rpm for 45 s with a ramp of 2 s. For dynamic hot 

casting (DHC) method (Figure 3.1), around 60 µL precursor solutions (100 ℃) 

was dropcasted onto the preheated substrate (100 ℃) during spinning stage. 

The coated substrates were then annealed at 160 ℃ for 30 minutes in both NSC 

and DHC technique. The fabrication of AgBiI4 and Ag2BiI5 thin-films were 

carried out in ambient atmosphere. 
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Figure 3.1: Schematic illustration of dynamic hot casting (DHC) method. 

 

3.3 Solar Cell Fabrications 

Fluorine-doped tin oxide (FTO) coated glass slides were first patterned by 

laser-etching, following by cleaning in soap solution, DI water and ethanol. 

After ozone plasma treatment of the glass slides, spray pyrolysis technique was 

used to deposit a thin TiO2 blocking layer using titanium diisopropoxide 

bis(acetylacetone) as the precursor solution. Subsequently, ~500 µm thick TiO2 

mesoporous layer was deposited by spin coating of TiO2 nanoparticles (particle 

size ~30 nm). The spin-coated TiO2 layer was then annealed at 450 ℃ for 30 

minutes, followed by ambient cooling. The mesoporous substrates were then 

treated with TiCl4 solution (5 mM) for 30 minutes at 70 ℃. The substrates were 

then dried using air gun and followed by another annealing step at 500 ℃. The 

absorber layer was deposited onto mp-TiO2 layer via either NSC or DHC 

method. After the deposition of absorber layer, suitable hole-transport layer 

(HTM) such as Spiro-OMeTAD (100 mg mL-1 in chlorobenzene) was spin-

coated at 4000 rpm for 30 s. Around 80 nm Au contact electrode was deposited 

by thermal evaporation. The device area was defined by a metal mask with an 

aperture area of 0.2 cm2. 
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3.4 Characterization Techniques 

3.4.1 Thin-films Characterizations 

A. X-ray Diffraction (XRD) 

X-ray diffraction was carried out at room temperature to investigate the crystal 

structure and phases of the thin-films and powder samples using Bruker D8 

Advanced Diffractometer (Bragg-Brentano geometry) with Cu-Kα radiation (λ 

= 1.5418 Å) and refined with Rietveld refinement. For grazing angle XRD, an 

incident angle of 4° was used to record the pattern with a step size of 0.05° and 

a time step of 1 s. The XRD patterns were analyzed using X’pert Highscore 

software. 

B. Scanning Electron Microscopy 

Field Emission Scanning Electron Microscope (JEOL, JSM-7600F, operated at 

5 kV) was used to characterize the surface and cross-sectional morphology of 

the thin-films. To improve the resolution and reduce the charge collection on 

the surface, the samples were platinum-coated (10 nm) before analysis. For 

energy dispersive X-ray spectroscopy (EDX), the accelerating voltage was 

increased to 15 kV during operations. 

C. Absorption (UV-Vis) Spectroscopy 

UV-Visible spectrophotometer (Shimadzu-3600) was used to characterize the 

absorption spectra of the thin-films in the wave-length range of 300-800 nm at 

room temperature with integrated sphere attachment (ISR-3100) and 20 nm slit-

width. The film thickness was determined by surface profilometer. The 

absorption coefficient was calculated by the following equation: 
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    𝛼 (𝑐𝑚−1) =
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝐴)(𝑎.𝑢)

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡)(𝑐𝑚)
            (1) 

D. Photoluminescence (PL) Spectroscopy 

Time-integrated photoluminescence measurement were conducted by directing 

the excitation laser pulses to single crystals/thin films. The photoluminescence 

was collected at a backscattering angle by a spectrometer (Acton, Spectra Pro 

2500i) and CCD (Princeton Instruments, Pixis 400B). Time-resolved 

photoluminescence was collected using an Optronis Optoscope streak camera 

system which has an ultimate temporal resolution of 10 ps. 

E. Transient Absorption (TA) Spectroscopy 

Transient absorption measurements were performed using an integrated Helios 

and EOS setup (Ultrafast Systems LLC). The transient dynamics in fs–ns time 

region (150 fs–5 ns) was acquired by Helios that works in a nondegenerate 

pump–probe configuration. The 400 nm pump pulses were generated from a 

beta barium borate (BBO) crystal that was used to double the frequency of 800 

nm from a 1-kHz regenerative amplifier (Coherent Legend, 800 nm, 150 fs, 1 

mJ). A mode-lock Ti-sapphire oscillator (Coherent Vitesse, 80MHz) was used 

to seed the amplifier. The probe pulses were a white light continuum generated 

by passing the 800 nm fs pulses through either a 2 mm sapphire plate for visible 

part (400–800 nm) or a 1 cm sapphire plate for NIR part (800–1600 nm). The 

transient dynamics in the ns–µs time region (1 ns–1 µs) was acquired by EOS. 

The pump beam was the same with that used in Helios. The probe beam EOS 

was a white continuum generated from a photonic fiber using a Nd:YAG laser 

(1064 nm). The probe light was collected using a CMOS sensor for UV–VIS 

part and InGaAs diode array sensor for NIR part. 
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F. Cathodoluminescence (CL) Spectroscopy 

The cathodoluminescence measurements were performed on FEI Verios 

scanning electron microscope (SEM) equipped with a Gatan MonoCL4 Elite 

cathodoluminescence (CL) system. Samples were spin coated onto silicon 

substrate as described earlier. Power resolved CL spectroscopy was performed 

by exposing a fixed area of sample (30 µm2) with a constant accelerating 

voltage at 5kV and varying the beam current from 0.1-3.2 nA. 

G. Ultraviolet Photoelectron Spectroscopy (UPS) 

The UPS measurements were carried out using a VG ESCA Lab system. An 

integrated ultrahigh vacuum (UHV) system equipped with the fast-entry lock 

chamber and analysis chamber with typical base pressure in the range of ~10-10 

mbar. To provide ultraviolet irradiation impinged to the sample, the analysis 

chamber is equipped with a He discharge lamp. The UV source was an 

unfiltered He I (21.2 eV) excitation and the sample was biased at -5 V to extract 

the low-energy secondary cutoff. The UV light spot size on the sample is about 

1 mm in diameter. 

3.4.2 Solar Cell Device Characterization 

The IV curves of the devices were produced using solar simulator (San-EI 

Electric, XEC 301S) at AM1.5 illumination (power density 1000 W m-2) and 

recorded by Keithley model 2612A source meter. EQE/IPCE measurement was 

carried out by PV300 (Bentham) equipped with Xenon/quartz halogen 

monochromatic light source. The device area was 0.2 cm2 as defined by a metal 

shadow mask during J-V characterizations. 

 

 



Experimental and Theoretical Methodology                                          Chapter 3 

68 

 

3.5 Theoretical Framework 

3.5.1 Introduction to VASP 

Density functional theory (DFT) calculations in this study were carried out 

using Vienna ab initio Simulation Package (VASP) [1-7]. VASP is a 

proprietary package written on Fortran 90 program for atomic scale materials 

modelling. The underlying principle of VASP is the approximate solution to the 

many-body Schrodinger equation which is solved either within DFT or using 

Kohn-Sham (KS) equation or using Hartree-Fock (HF) approximations. The 

interaction between electrons and ions are described by either norm-conserving 

or ultrasoft (US) or projector-augmented-wave (PAW) in VASP calculations. 

VASP also offers parallelization over bands and over plane wave coefficient. 

3.5.2 Calculation Parameters 

The electronic structure calculations are performed through VASP with the 

standard frozen-core projected augmented-wave method (PAW) with 400 eV as 

the cut-off energy for basis set. The atomic positions are relaxed till force/atom 

is less than 0.05 eV/Å. All structural relaxations were performed with Gaussian 

smearing of 0.05 eV. Cs, Bi, and I atoms are described by 5s25p66s1, 

5d106s26p3, 5s25p5 valence electrons respectively. A 5×5×2 Monkhorst-Pack for 

single unit cell and 5×5×2 Gamma K-point grid for supercell calculations are 

applied for Brillouin zone integration. All schematic representations of the 

crystal structures were generated using VESTA program [8]. 

3.5.3 Band Structure Calculations 

The simulations of the band structures were carried out in two steps. Initially, 

the unit cell was relaxed by a self-consistent run. Finally, a non-self-consistent 

run was performed using earlier charge density and the energy states were 

calculated along high symmetry direction on discrete K mesh. The high 
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symmetry path was shown in the Figure 5.2 i.e. from Brillouin zone center Γ 

with the coordinates (0, 0, 0) to M (0.5, 0, 0), K (0.333, 0.333, 0), Γ (0, 0, 0), A 

(0, 0, 0.5), L (0.5, 0, 0.5), and H (0.333, 0.333, 0.5).  

3.5.4 Effective Mass Calculations 

Effective mass of the carriers was calculated assuming parabolic band diagram 

at CBM and VBM based on the following equation 

    𝑚∗ = ℏ2 [
𝜕2𝜀(𝑘)

𝜕𝑘2
]

−1

               (2) 

Where ϵ(k) represents band eigenvalues and k is the crystal momentum vector. 

3.5.5 Methodology for Defects Calculations 

The chemical nature of any solid is often characterized by the defects that are 

present in the crystalline solids. However, it is quite difficult to experimentally 

determine defects in a solid.  Another approach may be DFT which can 

calculate the defects energies. The contribution of the defects on a crystalline 

material can be quantified by the transition levels and the concentration, both of 

which can be deduced from DFT. Depending on the transition level, the defect 

may act like donor, acceptor, or both as well as whether it is shallow or deep. 

On the other hand, its influences are determined by the concentration of that 

defect.  Both aspects can be quantified from the formation energy of the defects. 

In the dilute limit, defect formation energy Eform governs the defect 

concentration N at a constant volume through Boltzmann expression: 

    𝑁 = 𝑁0exp (
−𝐸𝑓𝑜𝑟𝑚

𝑘𝐵𝑇
)              (3) 

Where, N0 is the number of applicable sites (including the symmetry-equivalent 

local configurations) and kB is the Boltzmann constant. 
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In a perfect crystal, the defects are generated upon exchanging particles 

between the atoms and/or electron reservoir and the crystal. The energy of the 

atom reservoir energy is determined by the chemical potential of the elements 

and electrons reservoir is determined by the Fermi energy. The total energies of 

the crystal can be obtained from first principles, i.e., without resorting to the 

experimental parameters. In principle, the defect formation energy can be 

calculated from [9] 

 𝐸𝑓[𝑋𝑞] = 𝐸𝑡𝑜𝑡[𝑋𝑞] + ∑ 𝑛𝑖µ𝑖𝑖 − 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] + 𝑞𝐸𝐹 + 𝐸𝑐𝑜𝑟𝑟           (4) 

The total energy Etot[Xq] is calculated for the supercell containing the defect X 

in charge state q, and Etot[bulk] for the perfect supercell. The integer ni is the 

number of atoms of species i (host atoms or impurity atoms). ni is positive when 

the it is removed from the supercell and negative when it is added to the 

supercell to create the defect, and the μi is the relative chemical potentials of i. 

The last term, Ecorr is the correction term that include other effects such as 

image charge correction [10], band filling correction and finite-size effects. 

However, this term is not included here as the objective of this study is not to 

calculate absolute energy, rather compare formation energies for different point 

defects. 
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Chapter 4* 

 

Charge Carrier Dynamics and Photovoltaic 

Performance of Bismuth-based Iodide Perovskite 

 

This chapter describes the structural and optoelectronic properties 

of bismuth-based iodide perovskites. X-ray diffraction and optical 

absorption studies indicate that Bi-based perovskites crystallize into 

A3Bi2I9 (A = Cs, CH3NH3, CH5N2) molecular structure in which 

[Bi2I9]3- bioctahedra are separated by large A-site cations. As a 

prototype, Cs3Bi2I9 was investigated for mesoscopic solar cell 

absorber. Despite a reasonable optical bandgap (~2 eV) and 

absorption coefficient, the power conversion efficiency of Cs3Bi2I9-

based mesoscopic solar cells was found to be severely limited by 

poor photocurrent density. Comparison between thin-films and 

single crystals highlights the presence of intrinsic defects in thin-

films, which act as nonradiative recombination centers. Further 

studies by transient absorption spectroscopy revealed that other 

reasons behind the poor performance of Cs3Bi2I9-based solar cells 

might be charge localizations due to the molecular crystal structure.   

 

 *This section published substantially as Biplab Ghosh, Bo Wu, Hemant Kumar Mulmudi, 

Claude Guet, Klaus Weber, Tze Chien Sum, Subodh G. Mhaisalkar, and Nripan Mathews. 
Limitations of Cs3Bi2I9 as lead-free photovoltaic absorber materials. ACS Applied Materials and 

Interfaces 10(41), 35000-35007 (2018). DOI: 10.1021/acsami.7b14735. 
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4.1 Introduction 

Lead (Pb) halide perovskites have attracted enormous interest as of late because 

of their exciting optical properties, which have resulted in over 23% efficient 

photovoltaics. Nevertheless, stability and toxicity remain enormous hurdles for 

extensive applications of these compounds in photovoltaics. Thus, alternative 

compounds with similar optoelectronic properties need to be considered. Group 

15 elements from the periodic table, especially Bi appears to be a suitable 

replacement of Pb for optoelectronic applications. Bi possesses similar 

electronic configurations as that of lead, expecting similar chemical properties. 

Besides, bismuth halides are highly stable in ambient atmosphere and soluble in 

organic solvents, leading to easy fabrication of perovskites via solution 

processable route.  

Bi-based halide perovskites are an interesting class of material because of their 

rich structural diversity and semiconducting properties [1]. The ability of 

bismuth to exist in a wide range of coordination geometries (from cluster to 1D, 

2D, or even 3D) makes it particularly exciting for designing novel compounds 

for optoelectronic applications. Studies on the coordination chemistry of 

bismuth halides over several decades conclude that the network of metal-

anionic motifs can be easily manipulated by varying the size and geometry of 

cations, reaction environments, and crystallization conditions [2-4]. Based on 

recent success with Pb-based halide perovskites, similar attempts have been 

made to synthesize Bi-based perovskites which crystallize into [Bi2I9]
3- family 

of compounds [5]. Extensive work has also been done previously on this family 

of compounds, but mostly on structural characterizations [6, 7]. Herein, we 

examined the templating effect of three cations, namely Cs, MA, and FA which 

are widely used with Pb-based halide perovskites. Later, Cs3Bi2I9 was used as a 

prototype Bi-based iodide perovskite for optoelectronic and photovoltaic 

characterizations. 
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4.2 Physical Characterizations 

Bi-based iodide perovskites were synthesized by solution processing route. The 

iodide salts of each A-site cations were dissolved in organic solvents along with 

bismuth iodide (BiI3) to prepare the precursor solution, which was later spin-

coated and annealed to fabricate the thin-films. Figure 4.1 shows the grazing-

angle X-ray diffraction patterns of Cs3Bi2I9 (CBI), MA3Bi2I9 (MBI) and 

FA3Bi2I9 (FBI) thin-films. The reference reflection patterns for CBI and MBI 

were indexed with calculated patterns from single crystal data [8, 9]. As 

illustrated in Figure 4.1, both CBI and MBI films exhibit reflection peaks 

corresponding to the pure CBI and MBI phase without any presence of 

impurity. The lattice constants and the crystal structure of the phases are well 

matched with the reported crystal structure as shown in Table 4.1. For FBI, 

there were no available single crystal data previously reported in the literature. 

Hence, we performed Rietveld refinement of the FBI powder. The FBI powder 

was collected by drop-casting the precursor solution onto a glass substrate, 

followed by annealing and scratching off the powder for the XRD analysis. The 

crystal structure of FBI is found to be best fitted with hexagonal crystal 

structure (Table 4.1). The XRD reflection peaks of the FBI thin-film was 

indexed with the calculated pattern as shown in Figure 4.1. The pattern is in 

close resemblance to the case of MBI XRD pattern with gradual shift of the 

peaks to smaller 2θ values. The shift can be rationalized with the larger size of 

formamidinium cation (ionic radius 2.79 Å) as compared to methylammonium 

ion (ionic radius 2.7 Å) which results in increased lattice constant of the former. 

Moreover, this trend can also be realized comparing with the CBI XRD pattern. 

From Cs (ionic radius 1.88 Å) to MA to FA, the size of A-site cation increases 

which results in an increased lattice constant and shifts of reflection peaks 

towards smaller angle.  
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Figure 4.1: Grazing-angle XRD patterns of bismuth-based iodide perovskites (the 

reflection peaks are indexed with simulated XRD patterns from single crystal data). 

 

This demonstrates that all these compounds form A3Bi2I9 [A = Cs+, CH3NH3
+, 

CH3(NH2)2
+] crystal structure (space group: p63mmc) which is composed of 

[Bi2I9]
3- bioctahedra, alternating between A-site cations, whereas, Pb-based 

halide perovskites composed of corner-sharing [PbI6]
4- octahedra and the A-site 

cation occupies the octahedral voids as shown in Figure 2.1. The crystal 

structure of Bi-based perovskites can be visualized as a defect-variant 

perovskite with a general formula of A3Bi2I9 where  denotes a Bi vacancy. 

Figure 4.2 schematically illustrates the evolution of defect-assisted structure 

from an ideal perovskite crystal structure.  
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Table 4.1: Lattice parameters of A3Bi2I9 (A = Cs, MA, FA) perovskites 

 
Cs3Bi2I9 MA3Bi2I9 FA3Bi2I9 

 

Current 

study 
References 

Current 

study 
References 

Current 

study 
References 

a (Å) 8.42 

8.41[5], 

8.65[10], 

8.58[11] 

8.58 

8.47[12], 

8.58[9, 10, 

13] 8.57[11] 

8.77 
9.36[10], 

8.69[11] 

b (Å) 8.42 

8.42[5], 

8.65[10], 

14.52[11] 

8.58 

8.47[12], 

8.58[10, 13] 

14.85[11] 

8.77 
9.34[10], 

15.11[11] 

c (Å) 21.2 

21.2[5], 

21.92[10], 

21.15[11] 

21.74 

21.614[12] 
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Figure 4.2: Evolution of defect-assisted A3M2X9 molecular structure from ideal 

perovskite sturcture AMX3 (A-site cations omitted for clarity). (a) ideal cubic 

perovskites as viewed from [110] direction, (b) due to large A-site cation, there is a 

rotation of the octahedra and translation, forming skutterudite structure, (c) further 

translation in [110] direction results in the layered perovskite structure, (d) one layer of 

the octahedra is removed for charge compensation due to +3 oxidation state of M-site 

cation, forming (e) A3M2X9 crystal structure. 

 

Although the positions of the reflections in XRD pattern perfectly match the 

reference patterns, the spin-coated thin-films show higher intensities in (00l) 

planes, which can be attributed to the preferential orientation of the grains along 

c-direction. Besides, the high angle reflections are also completely missing 

which may be due to thickness of the films. The preferential orientations of 

grains in CBI and MBI can also be observed in the scanning electron 

micrograph as shown in Figure 4.3. Both CBI and MBI shows platelet grains 

with a needle-like protrusion. On the other hand, the surface coverage of FBI-

based thin-films was found to be severely inadequate. 
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Figure 4.3: Scanning electron micrograph of (a) Cs3Bi2I9, (b) MA3Bi2I9, and (c) 

FA3Bi2I9 thin-films deposited on mesoporous TiO2 substrate. 

 

In order to assess the potentials in photovoltaics, steady-state absorption 

spectroscopy was carried out to estimate the optical bandgap. Figure 4.4(a) 

illustrates the absorption spectra of these thin-films deposited on glass 

substrates. The bandgap of each compound was estimated using the Tauc plot 

for an indirect allowed optical transition, whose quantity was plotted against hν 

based on the following relationship: 

    (𝛼ℎ𝜈)2 ∝ (ℎ𝜈 − 𝐸𝑔)                              (1) 

where α is absorption coefficient, h is the Plank’s constant, and ν is the 

frequency of light. All the phases showed similar bandgaps with values of 2.1 

eV, 2.08 eV, and 2.18 eV for CBI, MBI, and FBI respectively (Figure 4.4(b-d)). 

On the contrary, lead-based halide perovskites show larger range of absorption 

onset revealing a greater dependency on the size of the A-site cations [14]. 

While the optical bandgaps of these Bi-based perovskites are far off from an 

optimum single junction solar cell’s bandgap, a two eV bandgap semiconductor 

can be efficiently used for tandem/semi-transparent solar cell applications 

where high open-circuit voltage (VOC) is of prime concern [15]. Another 

interesting feature of the absorption spectra is the presence of sharp excitonic-

like characteristics at the absorption onset. This sharp excitonic absorption is a 

characteristic feature for low dimensional perovskite materials at room 

(a) (b) (c)
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temperature, whereas it is inseparable from the continuous absorption edge for 

higher dimensional perovskite materials [16]. For Bi-based iodide perovskites, 

the excitonic absorption peak near the bandedge is usually correlated with 

strong quantum confinement effect due to 0D nature of [Bi2I9]
3- bioctahedra 

(discussed later). The measured absorption coefficient of ~1x104 cm-1 at 450 

nm for Cs3Bi2I9 thin films is also reasonable for such high and indirect bandgap 

materials, but at least one order smaller than MAPbI3 thin films [17]. 

 

 

Figure 4.4: Optical properties of A3Bi2I9 thin-films deposited on glass substrate. (a) 

Normalized absorption spectra of Cs3Bi2I9, MA3Bi2I9, and FA3Bi2I9 thin-films as 

plotted against wavelength. The Tauc plots near bandedge for the absorption spectra of 

(b) Cs3Bi2I9, (c) MA3Bi2I9, (d) FA3Bi2I9. 
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4.2.1 Stability of Bi-based Perovskites 

In order to assess the atmospheric stability of Bi-based iodide perovskites, the 

thin-films were stored in ambient condition with relative huidity (RH) of 60-

75% in ambient light at 22 ℃ . Figure 4.5 shows the grazing angle XRD 

patterns of the thin-films. All three phases exhibit similar degradation 

mechanism via partial oxidation to BiOI. Considering relative intensities of the 

peaks, MA3Bi2I9 appears to be less stable among these three phases.  

 

 

Figure 4.5: Grazing angle XRD patterns of bismuth-based iodide perovskites. Thin-

films were kept in ambient atmosphere (22 ℃, 60-75% RH, fluoroscent light). Vertical 

dashed lines indicate BiOI reflections. No suitable phase was found for the reflection 

below 5° 2θ (marked *).  Bottom panel for each composition shows the pattern on first 

day. 
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Figure 4.6 shows the optical photograph of the thin-films deposited on glass 

substrates. Apparently, there is no color change in Cs3Bi2I9 and FA3Bi2I9 thin-

films after 1 week of storage. However, the thin-films became darker after 1 

month of storage, which is most probably due to an increased volume fraction 

of BiOI as indicated in the XRD patterns. Interestingly, CBI and FBI films 

show additional reflection at very low angle (<5°) which did not correspond to 

any suitable phase in the current database. We believe the reflection is due to 

formation of hydrated phase of Bi-based perovskites. Similar low angle 

reflections were also observed with MAPbI3 over long exposure time in water 

vapor [18]. Thus, the preliminary investigations on the optical properties of 

several A-site cations reveal that optical bandgaps of Bi-based perovskites 

remain insensitive to A-site cation (considering similar crystal structure). 

However, all inorganic Cs3Bi2I9 exhibited superior stability in ambient 

atmosphere as compared to organic-inorganic hybrid perovskites (MA and FA-

containing perovskites). Similar observations can also be found for Pb-based 

halide perovskites. Hence, for further characterizations and photovoltaic 

applications, Cs3Bi2I9 was selected as a prototype Bi-based iodide perovskite. 

 

Figure 4.6: Optical photograph of Bi-based iodide perovskite thin-films; glass is used 

as substrates. The samples were kept in ambient atmosphere (22 ℃, 60-75% RH, 

fluoroscent light). 
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4.3 Photo-physical Characterization of Cs3Bi2I9 

4.3.1 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is one of the most common techniques used to 

measure the fraction of radiative recombination which should be maximized for 

good PV applications. Unfortunately, Cs3Bi2I9 thin-films do not display 

prominent photoluminescence spectra as seen with Pb-based halide perovskites; 

instead a broad and asymmetric luminescence peak (PLQY < ~10-5) was 

observed. As the low-temperature solution processing technique often suffers 

from high defect density, we grew Cs3Bi2I9 single crystals to overcome the 

uncertainties of thin-film processing conditions. Figure 4.7(a) shows the static 

PL spectra of Cs3Bi2I9 thin-films and single crystals. Unsurprisingly, PL 

intensity from single crystals was much higher (more than 100 times) compared 

to thin-films, most probably due to reduced defect states. The single crystal 

exhibits a neat PL emission centered around 1.9 eV, which is ~0.2 eV blue-

shifted from the optical bandgap. Despite the marked improvement of PL 

intensity in single crystals, the emission was still low compared to highly 

luminous Pb-based halide perovskites. There may be various reasons of low PL 

emission from Cs3Bi2I9, most notably indirect bandedge and high defect 

concentration. Due to the indirect band edge of Cs3Bi2I9, the radiative 

recombination only occurs when phonons are involved in conserving 

momentum, which results in a very low quantum yield and a broad spectrum. 

To confirm, we carried out transient photoluminescence (TRPL) spectroscopy 

of the thin films and the single crystals to determine the carrier lifetime. If the 

origin of the luminescence is from the indirect band edge, then the carriers that 

are located at the indirect band edge should exhibit long lifetime (discussed 

later). As illustrated in Figure 4.7(b), thin films show a bi-exponential decay 

with a time constant of 5 ps (98%) and 73 ps (2%), while single crystals have a 

lifetime of ~160 ps.  These values are much shorter as compared to the lifetime 
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of free carriers which is the dominant mechanism in MAPbI3 [17].  Hence, 

phonon-assisted multiple self-trapped exciton emission models seems more 

plausible for the broad emission from Cs3Bi2I9 as reported recently by McCall, 

et al. [19] from their low-temperature photoluminescence studies. 

 

  

Figure 4.7: Luminescence spectroscopic study of Cs3Bi2I9. (a) Comparison of 

photoluminescence spectra from thin-films and single crystal Cs3Bi2I9. (b) 

Photoluminescence decay time of Cs3Bi2I9 thin-films and single crystals. 
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(CL) spectroscopy in which high energy electron beam can provide better 
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magnitude higher carrier generations [20]. The typical CL spectra of Cs3Bi2I9 

thin films show two emission bands, a weak band centered at 1.91 eV and a 

much stronger band centered at 2.5 eV (represented as peak 1 and peak 2 

respectively) (Figure 4.8(a)). The latter can be assigned to the direct exciton 

emission as the position corresponds well with the direct exciton absorption 
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[19, 21]. As a step further, we extended our CL studies at varied excitation 

power (represented by the electron-beam current Ib) and analyzed using simple 

power law model[22], ICL  Ib
k. The power-law fittings as illustrated in Figure 

4.8(b) reveal that the intensities of peak 2 and peak 1 display a linear and a 

sublinear relationship with the excitation power respectively. The linear 

relationship for the peak 2 confirms the free excitonic luminescence of Cs3Bi2I9, 

which was too weak to be detected in typical photoluminescence studies. The 

sublinear dependence of the peak 1 on power is also consistent with our PL 

studies and with the localized nature of the self-trapped excitons (STE) by 

extrinsic defects [22-24]. Unfortunately, recombination by STE is predominant 

over free excitonic luminescence, which usually have negative impact on PV 

performances. 

 

 

Figure 4.8: Cathodoluminescence (CL) spectroscopic study of Cs3Bi2I9. (a) CL spectra 

of Cs3Bi2I9 thin-film under different current bias. (b) Power-law fits of CL peak area 

(see text for details) against different electron beam power. 

 

 

 

1 10

 

ICL  Ib
0.8

 Peak 1

 Peak 2

P
e
a
k
 A

re
a
 (

a
.u

)

Power(W)

ICL  Ib
0.98

(a) (b)



Bi-based Iodide Perovskites                                                                   Chapter 4 

86 

 

4.3.3 Transient Absorption Spectroscopy 

As the low PLQY limits the utility of photoluminescence spectroscopy, we 

carried out transient absorption (TA) spectroscopic analysis on thin films to 

elucidate the dynamics of the photoexcited carriers. As illustrated in Figure 

4.9(a), several features can be identified from the TA spectra (under 400 nm 

excitation at different time delays): (2) a negative transient absorption peak at 

around 2.52 eV (492 nm) (ΔA<0, ΔT/T>0); (1) and (3) two positive transient 

absorption peaks at 2.62 eV (473 nm) and 2.23 eV (554 nm), and (4) a broad, 

feature-less photo-induced absorption (PIA) extending from visible to near-

infrared region. The negative peak corresponds well with the exciton peak 

showing in steady state absorption spectrum (Figure 4.4(a)); hence, we attribute 

it to the photo-bleach (PB) of the exciton peak. The broad PIA extending from 

Visible to NIR region shows an immediate sub-picosecond rise after photo-

excitation (within our system response), followed by a very fast decay (τ1= 4 ps, 

τ2= 68 ps). The spectrum feature, together with the immediate rise and fast 

decay, points that the broad PIA can be attributed to the absorption from the 

“hot carrier” located at the  valley (direct transition region) before relaxation 

to the indirect band-edge (M point) (see chapter 5 for details). Such fast decay 

within tens of picoseconds corresponds well with intervalley relaxation 

mediated by carrier-phonon scattering [25]. 
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Figure 4.9: Exited-state charge carrier dynamics in Cs3Bi2I9. (a) Transient absorption 

spectra of Cs3Bi2I9 thin-films for different time delays under 400 nm excitation, (b) 

Excited-state carrier decay dynamics of the same at 493 nm. 

 

Transient absorption at exciton resonances can be induced by several 

mechanisms, such as phase-space filling, Coulombic screening, bandgap 

renormalization, etc. [26]. To elucidate the detailed mechanism, we analyzed 

the decay dynamics of the excited-state carriers. The exciton bleaching peak (2) 

decay contains multiple information: an initial fast decay corresponds to the hot 

carrier relaxation, followed by a slow rise and then an almost constant value 

within the 5 ns time window. Similar dynamics are also observed for the PIA at 

the blue side (1); the red side PIA (3) is slightly different, possibly due to the 

overlapping of the signals with the hot-carrier induced absorption. In addition, 

the long-residual as revealed by the ns-μs transient absorption in Figure 4.9(b), 

shows a decay time constant of around 200 ns. This long-lived component 

cannot be attributed to exciton recombination lifetime, as otherwise the 

luminescence should be strong and show similar decay constant. The long-lived 

species is expected to originate from the relaxed carriers at the indirect band 

edge. Recombination via band-to-band transition is forbidden for the carriers 

located at the indirect band edge; therefore, they have a typical lifetime much 

longer than direct bandgap materials. The dynamics of the exciton peak 
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indicates that the dynamics do not originate from exciton itself, but instead, is a 

result of the carriers-induced transmission change near the exciton resonance. 

While phase-space filling usually only change the oscillation strength of the 

excitons, Coulombic screening and bandgap renormalization effects can result 

in exciton linewidth broadening and position shifts [27]. The bleaching near 

exciton resonance, together with two PIA band lying on both sides of the 

bleaching peak, is a typical signature of exciton band broadening due to carrier-

exciton scattering after photo-excitation [25]. In the initial time (~10 ps), the 

broadening is mainly attributed to the non-relaxed hot carriers; after that, the 

carriers that gradually relaxed to the indirect band edge contribute to the 

scattering effects. Note that Scholz, et al. [28] recently attributed a similar 

signal in MA3Bi2I9 to the exciton Stark effect. Here in Cs3Bi2I9, the long-lived 

nature of the signal is because of the indirect band edge carriers, rather than due 

to excitons. 

4.3.4 Energetics of Cs3Bi2I9 

To probe the energetics of Cs3Bi2I9, ultraviolet spectroscopic (UPS) 

measurements were performed on the thin-films deposited onto FTO-coated 

glass substrate. As shown in Figure 4.10, the Fermi energy (EF) was found to be 

4.2 eV, determined by subtracting the cut-off energy from the excitation 

wavelength (21.22 eV). The ionization energy (IE), i.e., the position of the 

VBM with respect to vacuum was determined to be 5.58 eV by extrapolating in 

the low binding energy region. In conjunction with the measured optical 

bandgap of 2.1 eV, Cs3Bi2I9 appears to be weakly p-type semiconductor.  
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Figure 4.10: Energetics of Cs3Bi2I9. (a) UPS spectrum at high binding region, the scale 

was set by subtracting the energy of the excitation wavelength (He I lamp, 21.22 eV). 

Inset: the energetics of Cs3Bi2I9 using approximate VBM energy and estimated optical 

bandgap in Figure 4.4, (b) Linear extrapolation of the spectrum edge at low-binding 

energy region. 

 

4.4 Photovoltaic Performance of Cs3Bi2I9-based Solar cell 

To investigate the effect of precursor solution concentration, three different 

concentrations were used to fabricate the PSCs. The corresponding J-V 

characteristics of the Cs3Bi2I9-based PSCs are shown in Figure 4.11(a). 

Mesoporous device architecture with Spiro-OMeTAD as HTM was used for 

this investigation. With increasing precursor solution concentration from 0.25 
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with increasing precursor solution concentration as illustrated in Figure 4.12. 
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4.12). At high concentration, the capping layer thickness is the highest, which 

resulted in an increased series resistance, leading to low FF. Poor charge 

collection in the thick capping layer could be another reason for low 

performance of the PSC fabricated with 0.6 M concentration. At 0.25 M, the 

photocurrent density is mostly limited by the small fraction of absorbed light 

which resulted in poor PCE. Hence, the optimized precursor solution is kept 0.4 

M for rest of the work on Cs3Bi2I9-based PSCs. 

 

 

Figure 4.11: Photovoltaic performance of Cs3Bi2I9-based PSCs. (a) Influence of 

precursor solution concentration on the J-V curves. (b) Effect of mesoporous TiO2 

layer on the J-V characteristics. 
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Figure 4.12: Scanning electron micrograph showing the morphology of Cs3Bi2I9 

fabricated with different precursor solution concentration. (a, b, c) Top surface of the 

thin-films deposited on mp-TiO2, and (d, e, f) the device cross-section of Cs3Bi2I9-

based mesoscopic solar cells fabricated with (a, d) 0.25 M, (b, e) 0.4 M, and (c, f) 0.6 

M precursor solution concentration. 

 

Table 4.2: PV parameters of Cs3Bi2I9-based mesoscopic solar cells fabricated with 

different precursor solution concentration 

Precursor solution concentration 0.25 M 0.4 M 0.6 M 

VOC (V) 0.75 0.64 0.5 

JSC (mAcm-2) 0.12 0.25 0.07 

FF (%) 29.90 42.78 56.73 

PCE (%) 0.03 0.07 0.02 
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The mesoporous layers have a huge impact on the charge separation and 

transport of electrons in poor semiconducting materials [29]. To investigate the 

role of TiO2 nanoparticles, two different types of TiO2 paste: 18NR-T (average 

particle size 20 nm) and 30NR-D (average particle size 30 nm) were used to 

fabricate the mesoporous layer. Both pastes were bought from Dyesol (now 

Greatcell Solar), and the fabrication techniques were kept identical. Figure 

4.11(b) represents the J-V characteristics for individual representative CBI-

based PSCs employing different TiO2 nanoparticles and Figure 4.13 shows the 

SEM of the PV device cross-sections. The highest current density (0.65 mA cm-

2) was obtained with mesoporous layer fabricated using 18NR-T TiO2 paste; 

however, the VOC is smaller as compared to PSCs fabricated using 30NR-D 

TiO2 paste. Table 4.3 shows the PV parameters of the CBI-based PSCs 

fabricated with different TiO2 paste. The higher photocurrent observed from 

smaller TiO2 nanoparticles results from the likelihood of forming complete and 

continuous pathways through the absorber layer to the bottom contact. 

 

 

Figure 4.13: Cross-sectional scanning electron micrograph of Cs3Bi2I9-based 

mesoscopic devices fabricated with (a) 18-NRT TiO2 and (b) 30-NRD TiO2 paste 
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Table 4.3: PV parameters of Cs3Bi2I9-based mesoscopic solar cells fabricated with 

different TiO2 paste 

 18NR-T 30NR-D 

VOC (V) 0.43 0.56 

JSC (mAcm-2) 0.65 0.25 

FF (%) 32.98 46.76 

PCE (%) 0.09 0.07 

 

To investigate the effect of HTMs on the Cs3Bi2I9-based PSCs, we employed 

three different HTMs such as Spiro-OMeTAD, PTAA (polytriarylamine), and 

PTPD (poly (N, N1-bis(4-butylphenyl)-N, N1-bis(phenyl)benzidine) as well as 

fabricated devices without any HTM. The ionization energies of all these HTMs 

overlapped well with the valence band energy of Cs3Bi2I9 as illustrated in 

Figure 4.14(a). The energy levels of Cs3Bi2I9 thin-films were calculated from 

UPS spectra. Spiro-OMeTAD is the most popularly used HTM in lead-based 

halide perovskites due to tunable charge transport using dopants. However, 

dissolution of Cs3Bi2I9 by t-BP (tert-butyl pyridine) (one of the major 

components of Spiro-OMeTAD dopant) prevented the use of dopant in this 

work. Triarylamine-based PTAA is well known for its good hole 

transportability and stability in ambient atmosphere [30]. Organic polymer-

based PTPD also exhibits good PV performances with lead-based halide 

perovskites due to efficient charge transfer [31]. The corresponding J-V 

characteristics CBI-based PSCs were illustrated in Figure 4.14(b). In all cases, 

Spiro-OMeTAD-based devices outperformed all other HTMs, although the 

HTMs exhibit good energy match with CBI. The maximum PCE was observed 

with Spiro-OMeTAD-based PSCs as higher photocurrent, photovoltage and fill 

factors were obtained. The PV parameters of the PSCs are listed in Table 4.4. 
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Interestingly, devices without any HTM shows a VOC of ~0.7 V, but also suffer 

from poor photocurrent density and low fill factor which may be due to 

increased series resistance at the CBI/Au interface.  

 

 

Figure 4.14: Energetics and PV performance of different HTMs. (a) Schematic energy 

levels of every component of CBI-based PSCs, (b) J-V characteristics of Cs3Bi2I9-

based PSCs with different HTMs. Spiro-OMeTAD, PTPD and PTAA were used as 

HTM in following structure: FTO/c-TiO2/mp-TiO2/Cs3Bi2I9/HTM/Au; No HTM 

indicates the same device structure without any hole-transport materials between 

Cs3Bi2I9 and Au. 
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Table 4.4: PV parameters of Cs3Bi2I9-based mesoscopic solar cells fabricated 

employing different HTMs 

 Spiro-OMeTAD PTPD PTAA HTM free 

VOC (V) 0.49 0.32 0.53 0.69 

JSC (mAcm-2) 0.23 0.12 0.11 0.15 

FF (%) 67.19 34.90 56.40 28.32 

PCE (%) 0.08 0.01 0.03 0.03 

 

4.5 Conclusions 

Amongst three A-site cations, Cesium bismuth iodide (Cs3Bi2I9) exhibits 

excellent stability under ambient atmosphere along with reasonable thin-film 

coverage when compared to MA3Bi2I9 and FA3Bi2I9. Hence, the investigations 

on optoelectronic and photovoltaic properties were carried out on Cs3Bi2I9 as a 

prototype Bi-based perovskite. Steady-state photoluminescence spectroscopy 

resulted in poor PLQY along with short carrier lifetime (in ps range). The 

presence of defects in thin-films appears to be a significant bottleneck in 

obtaining high PLQY. The emission due to free carriers was found to be 

negligible by Cathodoluminescene spectroscopy. However, long-lived 

photogenerated carriers at the bandedge were observed in transient absorption 

spectroscopy. The functionality of Cs3Bi2I9 in solar cells was also investigated 

in mesoscopic solar cell configuration. In producing Cs3Bi2I9-based perovskite 

solar cells, a variety of HTM and ETL were explored. Nevertheless, PCEs of 

Cs3Bi2I9-based solar cells were found to be poor, limited by poor photocurrent 

density. Considering the fact that free carriers should translate into 

photocurrent, the most plausible reason would be poor extraction of carriers due 

to natural quantum confinement effect in zero-dimensional electronic structure. 
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The photo-excited carriers in Cs3Bi2I9 are relaxed and localized on the [Bi2I9]
3- 

bioctahedra, by the presence of self-trapped excitons that eventually cooled 

down to ground state by defect-limited non-radiative recombination This 

behavior is in sharp contrasts with 3D lead halide perovskites, in which the 

octahedra are connected, and carriers are highly delocalized over many units. 

Although the role of organic cations on the optoelectronic properties is still 

under debate, we believed that Cs3Bi2I9 represents the overall characteristics of 

A3Bi2I9 family of compounds due to similar crystal structure and absorption 

spectroscopy and the results obtained in this work can be translated into other 

A-site cations as well. 
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Chapter 5* 

 

Improving Photovoltaic Performance of Cs3Bi2I9 

Through Targeted Defect Passivation 

 

This chapter is devoted to the theoretical investigations on Cs3Bi2I9 

by density functional theory (DFT) to elucidate the physical origin 

of poor photovoltaic performance and to complement the 

experimental results obtained in the previous chapter. The 

electronic bandgap of Cs3Bi2I9 was found to be indirect in nature, 

and the flat bands near the bandgap resulted in heavy and 

anisotropic carrier effective mass, both of which are detrimental for 

high-performance PV compounds. The intrinsic the defect 

calculations also revealed the formation of mid-bandgap states in 

normal synthesis conditions. The vacancy of iodide (VI) and CsBi 

antisites were identified as the non-radiative recombination centres 

with low formation energies. Based on these studies, new formalism 

of experimental conditions was followed, which resulted in 

significant improvement of PCE in Cs3Bi2I9-based mesoscopic solar 

cells. 

 

*This chapter published substantially as Biplab Ghosh, Sudip Chakraborty, Hao Wei, Claude 

Guet, Shuzhou Li, Subodh Mhaisalkar, and Nripan Mathews. Poor Photovoltaic Performance of 
Cs3Bi2I9: An Insight through First-Principles Calculations. Journal of Physical Chemistry C 

121(32), 17062-17067 (2017). DOI: 10.1021/acs.jpcc.7b03501 
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5.1 Introduction 

The excellent optoelectronic properties and defect tolerance of Pb-based halide 

perovskites are often attributed to 6s2 electrons in Pb2+. However, despite 

having 6s2 electrons in the outer orbital in Bi3+, the semiconducting properties 

of Bi-based iodide perovskites were found to be poor resulting in poor PV 

performance of Cs3Bi2I9-based solar cells. The possible reasons are speculated 

to be the high concentration of defects and poor charge transport in the bulk 

material, as discussed in the previous chapter. This warrants an in-depth 

theoretical investigation to elucidate the structure-property correlation in 

Cs3Bi2I9 perovskite. While there are numerous experimental techniques for 

identifying and characterizing defects, experiments often investigate only 

specific type of defect, limited by the respective spectroscopic technique, hence 

offering only isolated picture of the defects. Density functional theory (DFT), 

on the other hand, proved to be an excellent alternative for defect 

characterizations in semiconductors by employing a supercell structure with 

periodic boundary conditions. By calculating the formation energies of intrinsic 

defects, one can identify the most favourable defects during synthesis 

conditions. Hence, appropriate measures can be taken during synthesis 

condition to minimize the impact of the specific defects. To this end, the ability 

to engineer the intrinsic point defects in Cs3Bi2I9 during its growth process to 

mitigate the effects of deleterious non-radiative recombination sites and tune its 

photovoltaic performance can be beneficial. 

5.2 Crystal Structure Optimization 

Cs3Bi2I9 exhibits a hexagonal crystal symmetry at room temperature with the 

space group P63/mmc and undergoes a ferroelastic phase transition to 

monoclinic structure at 220 K [1]. Since the room temperature phase is of 

primary interest in PV applications, we only considered the hexagonal crystal 

structure of Cs3Bi2I9 in this study. The hexagonal structure can be considered as 
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a distorted and defect modulated face-sharing perovskite structure in which 

every third layer of octahedral Bi sites are depleted for charge compensation. 

Consequently, two neighboring [BiI6]
3- octahedron form a face-sharing [Bi2I9]

3- 

bioctahedra which are separated by Cs+ cations, eventually forming a 0D crystal 

structure (Figure 5.1). Within [Bi2I9]
3- cluster, there are two types of Bi-I bonds: 

three bridging and six terminals. The bridging Bi-I bonds (3.246 Å) are longer 

compared to the terminal ones (2.923 Å).  The I-Bi-I bond angle deviates from 

90° (as for the case of conventional cubic perovskites) to smaller angle (Table 

5.1). 

 

 

Figure 5.1: Schematic crystal structure of Cs3Bi2I9 (red, green, and violet colors 

represent Bi, Cs, and I atoms) as seen along (a) a-axis, (b) b-axis and (c) c-axis. (d) 

[Bi2I9]
3- bioctahedra with two different types of Bi-I bonds (crystal structures were 

rendered using VESTA). 

 

Density functional theory (DFT) calculations for electronic structure of Cs3Bi2I9 

was performed using VASP. The generalized gradient approximation was used 

for the exchange-correlation function using the parameterizations of Perdew, 

Burke, and Ernzerhof (PBE) and the pseudopotentials are treated within the 

framework of Blochl’s projected augmented wave (PAW) method. Table 5.1 

lists the lattice constant, bond lengths and bond angles of the optimized crystal 

Terminal Bi-I

Bridging Bi-I

(a) (b)

(c)

(d)
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structure of Cs3Bi2I9, together with the reference structure. We observed a 

significant increase in volume in the optimized crystal structure with the largest 

deviation of ~5% was observed in c-axis. This discrepancy is due to the fact 

that the accuracy of calculations decreases due to relativistic effects. 

Furthermore, the hexagonal crystal structure of Cs3Bia2I9 is a high-temperature 

phase, and DFT calculations do not take thermal effects into account. However, 

our results are in good agreement with the other reports with similar level of 

calculations [2, 3].  

 

Table 5.1: Comparison between the reference and optimized Cs3Bi2I9 crystal lattice 

parameters 

Parameter 
Optimized 

structure 
Reference [4] 

Lattice constant 

(Å) 

a 8.618 8.412 

c 22.228 21.182 

Volume (Å3)  1429.728 1297.941 

Bond length (Å) 

Terminal Bi-I 2.994 2.923 

Bridging Bi-I 3.241 3.246 

Bi-Bi 4.111 4.050 

Bong angle (°) Bi-I-Bi 78.866 77.180 
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5.3 Electronic Bandstructure of Cs3Bi2I9 

There are different published reports on the experimental bandgap value of 

Cs3Bi2I9. Machulin, et al. [1] reported a ~2.8 eV bandgap of Cs3Bi2I9 single 

crystals. However, recent works by Lehner, et al. [5] and Park, et al. [6] 

estimated an indirect optical bandgap of 1.9 eV and 2.2 eV for Cs3Bi2I9 

respectively thin-films. Our experimental results also showed an indirect optical 

bandgap of 2.1 eV for Cs3Bi2I9 thin-films. It should be noted here that the 

presence of a strong excitonic peak in the absorption spectrum often makes it 

difficult to extract the exact bandgap of low dimensional compounds such as is 

the case with Cs3Bi2I9. Figure 5.2(a) illustrates the electronic bandstructure plot 

of Cs3Bi2I9 as calculated by DFT. The effect of spin-orbit coupling (SOC) is 

also illustrated in that Figure. The bandstructure is calculated by walking 

through the high symmetry path which is shown in Figure 5.2(b). The Brillouin 

zone sampling data were collected from Bilbao Crystallographic Server [7]. The 

VBM is arbitrarily set at 0 eV and is located at M point. According to our 

calculations, the electronic bandgap is indirect in nature between Γ and M point. 

The calculated bandgap value is found to be 1.65 eV and 2.34 eV with and 

without SOC respectively. Though DFT calculations within GGA 

approximation can approximately estimate the experimental bandgap for 

MAPbI3, similar calculations for other semiconductors generally do not provide 

an accurate bandgap estimation. The HSE06 type hybrid exchange-correlation 

functional has been found to be more accurate in predicting semiconductor 

bandgap. However, DFT calculations considering SOC, HSE06 and excitonic 

effect together would not be viable as far the computational expenses are 

concerned. Instead, we opted for optical absorption spectra calculation using 

different functionals to highlight the bandgap underestimation in PBE. 
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Figure 5.2: Bandstructure of Cs3Bi2I9 along high-symmetry paths in the first Brillouin 

zone within GGA approximation using PBE functional. (right) First Brillouin zone of 

hexagonal lattice (adapted from Bilbao crystallographic server) showing high 

symmetry K-points used for bandstructure calculations. 

 

A comparative investigation was conducted to determine the optical absorption 

spectra in three different combinations: i. GGA-PBE without spin-orbit 

coupling (SOC), ii. HSE06 without SOC and iii. HSE06 with SOC and 

illustrated in Figure 5.3(a). The first prominent peak of the optical response 

shows a blue shift towards the higher photon energy when we consider the 

hybrid functional without spin-orbit interaction. It is also interesting that the 

bandgap of Cs3Bi2I9 with PBE functional without SOC and HSE06 with SOC 

consideration nearly matches with each other, similar to MAPbI3 [8]. Therefore, 

PBE without SOC consideration would give us the approximate electronic 

bandgap values for Cs3Bi2I9 due to the cancellation of errors created by 

standard DFT and that created by ignoring SOC, similar to what was reported 

for MAPbI3 [9]. The mismatch in bandgap and optical absorption edge is most 

probably due to the lower energy excitonic peak which is common for this kind 

of low dimensional materials.  
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Figure 5.3: Simulated optical properties of Cs3Bi2I9. (a) Calculated absorption spectra 

of Cs3Bi2I9 with different functional treatment. (b) Comparison of projected density of 

states (PDOS) of Cs3Bi2I9 calculated with Spin-orbit coupling (SOC) considerations. 

 

5.4 Transport Properties 

Apart from having a proper bandgap value, “good” photovoltaic materials must 

have reasonable transport properties, enabling an efficient charge collection and 

low electron-hole recombination centers. The effective mass of the carriers is a 

proper indication of transport properties of a semiconductor, as the smaller 

effective mass indicates high mobility of the carriers and vice-versa. The 

effective mass of electrons (𝑚𝑒
∗) and holes (𝑚ℎ

∗ ) are calculated considering the 

parabolic approximation of CBM and VBM according to  

    
1

𝑚∗
=

1

ℏ2

𝑑2𝐸(𝑘)

𝑑𝑘2
                     (1) 

where k is the crystal momentum vector. The calculated effective masses of 

holes and electrons at CBM and VBM are given in Table 5.2. The effective 

mass of holes and electrons are quite equivalent, indicating that Cs3Bi2I9 may 

also exhibit ambipolar transport, like MAPbI3. However, the values are quite 

large and anisotropic, originating from the flat band nature and low symmetry 
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of Cs3Bi2I9.  Thus, the carrier mobility expected to be quite low, resulting in 

poor charge transport. The flat nature of the CBM and VBM is also a stark 

contrast with CH3NH3PbI3 bandstructure, in which large band dispersion 

provides smaller photocarrier effective mass and superior charge transport [10]. 

 

Table 5.2: Calculated effective mass of Electrons and Holes estimated from the 

calculated band structures 

Effective 

mass (m*) 
Γ→K Γ→A Γ→M M→Γ M→K 

Electron 2.2 3.2 1.8   

Hole    2.27 16.3 

 

5.5 Projected Density of States (PDOS) 

Figure 5.3(b) illustrates the projected density of states (PDOS) close to VBM 

and CBM in Cs3Bi2I9. The orbital contribution of Cs+ ion can easily be 

recognized by the vertical line in the DOS; this indicates that the electronic 

states of Cs are fully localized in space, without substantial interaction with 

inorganic bioctahedra. Moreover, these states are far below the energy gap 

region that controls the photoconversion properties: the highest occupied Cs+ 

level (HOMO) lies about ~7.3 eV below the VBM. Concerning the empty Cs 

states, they appear 3 eV above the CBM. From these results, a paramount 

feature of this compound emerges: Cs and inorganic [Bi2I9]
3- cages are basically 

decoupled from the electronic viewpoint; therefore, Cs do not interfere with the 

active region of the perovskite. Its only role, regarding the electronic properties, 

is to donate one electron to the surrounding environment. Analogous 

observations have also been proposed for Pb-based perovskites where the 
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influence of the protonated cations is found to be insignificant on the VBM and 

CBM [11]. In addition, the valence band of Cs3Bi2I9 is consists of the 

predominant contributions from p orbital of I and a little contribution from Bi(s) 

orbitals. The CBM is composed of nearly equal contribution from I(p) and 

Bi(p) orbitals. In comparison, the CBM of MAPbI3 is composed of mainly 

Pb(p) orbitals.  

5.6 Defect Characteristics 

In order to fully unravel the defect characteristics in Cs3Bi2I9, we followed the 

approach of Yin, et al. [11] who showed that point defects creating deep states 

in MAPbI3 have high formation energies, which would preclude the probability 

of non-radiative recombination. Defects with low formation energies are found 

to have transition energies close to VBM and CBM in CH3NH3PbI3. This 

“unusual defect physics” was claimed to explain the exceptional optoelectronic 

properties of Pb-halide perovskites. We characterized all the possible intrinsic 

point defects in Cs3Bi2I9 and their transition energies in the bandgap to 

understand the role of defects in low dimensional Bi-based perovskites.  

In supercell approach, the positions of the defects were chosen based on 

symmetry inequivalence. For more than one symmetry equivalent positions, we 

calculated defect formation energy for both positions and chose for the lowest 

energy state. For interstitial defects, the atom is kept at the centre of the 

supercell which was followed by full relaxation of the supercell. The detailed 

calculation method for defect formation energy can be found in the 

experimental section. In short, we computed the enthalpy of the bulk 

constituents as well as the secondary phases and using the thermodynamic 

boundary conditions, determined the thermodynamic stability region for 

Cs3Bi2I9. We undertook the following methodology to define the range of the 

chemical potentials: 
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I. The chemical potential of the respective elements (Cs, Bi, I) should be 

lower than that of the bulk counterparts in equilibrium, otherwise, it 

would precipitate in the elemental phase:  

 

 𝜇𝐶𝑠 ≤  𝜇𝐶𝑠[𝑏𝑢𝑙𝑘] = 0, 𝜇𝐵𝑖 ≤  𝜇𝐵𝑖[𝑏𝑢𝑙𝑘] = 0 𝑎𝑛𝑑 𝜇𝐼 ≤  𝜇𝐼[𝑏𝑢𝑙𝑘] = 0       (2) 

II. The conditions for the formation of secondary phases (CsI, BiI3) can 

be expressed as 

 

   𝜇𝐶𝑠 + 𝜇𝐼 ≤  ∆𝐻(𝐶𝑠𝐼) = −1.14 𝑒𝑉             (3) 

   𝜇𝐵𝑖 + 3𝜇𝐼 ≤  ∆𝐻(𝐵𝑖𝐼3) = −1.74 𝑒𝑉            (4) 

III. In thermodynamic equilibrium condition, the formation enthalpy of 

Cs3Bi2I9, which is stable in solid phase and the chemical potentials of 

the constituent atoms need to be equal. 

 

 3𝜇𝐶𝑠 + 2𝜇𝐵𝑖 + 9𝜇𝐼 =  ∆𝐻(𝐶𝑠3𝐵𝑖2𝐼9) = −13.7 𝑒𝑉           (5) 

 

The chemical potential corresponding to Bi and I that are satisfying Eq. 2-5 are 

shown as grey region in Figure 5.4, and the chemical range is the boundary of 

the equilibrium growth conditions for Cs3Bi2I9. Any point, which is out of this 

region, will lead to the formation of secondary phases during synthesis of 

Cs3Bi2I9. The dissociation energy of Cs3Bi2I9 defined as 3×E(CsI) + 2×E(BiI3) 

– E(Cs3Bi2I9), is about 6.8 eV, which suggests the high stability of this 

compound. The broad stability range for Cs3Bi2I9 and the large dissociation 

energy also indicate little influence of the growth conditions on the phase, 

unlike CH3NH3PbI3 in which the stability region is quite narrow [11]. 
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Figure 5.4: Calculated thermodynamic stability region for equilibrium growth of 

Cs3Bi2I9. 

 

We considered all the possible point defects in Cs3Bi2I9 keeping the chemical 

potential within the stability range (Figure 5.4). The chemical potential points 

are taken at the center of the stability range which could give the three different 

stoichiometric conditions such as Bi-rich/I-poor conditions (point C), moderate 

conditions (point B), and I-rich/Bi-poor conditions (point A). Table 5.3 lists the 

formation energies of three vacancies (VI, VCs, VBi), three interstitials (iCs, iBi, iI), 

two cation substitution (CsBi, BiCs) and four antisites (CsI, BiI, IBi, ICs) type of 

defects in Cs3Bi2I9 compound. At Bi-rich/I-poor region (point C) and moderate 

region (point B), the dominant types of defects are iodine vacancies with lowest 

formation energies. On the other hand, at I-rich/Bi-poor condition (point A), 

CsBi cation substitution has the lowest formation energy. Apart from CsBi 

substitution, all other Bi-type of defects have high formation energy, possibly 

due to the strong covalent bonding during the Bi-I dimer formation.  
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Figure 5.5: Calculated formation energy of defects as a function of fermi energy at 

three different stoichiometric conditions (Bi-rich, moderate, and I-rich). The bandgap 

is calculated using GGA approximation with PBE functional. 

 

Figure 5.5 depicts the formation energy of the possible point defects as a 

function of Fermi energy. Unlike MAPbI3 which shows a transition from p-type 

to n-type conductivities, Cs3Bi2I9 exhibits p-type conductivities in all the 

stoichiometric regions [11]. The transition level of the defects indicates whether 

the defect can accept or donate electrons. A defect with a deep transition level 

usually acts as Shockley-Read-Hall non-radiative recombination centres, and 

the defects with shallow levels usually control the mobility of the charge 

carriers. As illustrated in Figure 5.6, among the three possible vacancies, VBi 

and VI exhibit deep transition level in the bandgap region. However, the 

formation energy associated with the VBi is quite high as compared to VI, which 

implies that VI is the most prominent defects in the thin-films. On the other 

hand, VCs can act as an acceptor as the transition level lies near the vicinity of 

the VBM; however, its contribution would be minimal as the formation energy 

of the defect is quite high. The cation substitution CsBi has low formation 

energy as well it creates two transition level: ϵ1(0/1-) which is shallow acceptor 

and ϵ2(1-/2-) which is deep acceptor. However, another cation substitution, BiCs 
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has high formation energy which would prohibit from forming any deep mid-

bandgap states. Although, most of the antisite and interstitial defects also form 

deep bandgap states, the probability of antisite defect formation is less due to 

high formation energy. It is interesting to note that although Cs+ cations are not 

directly involved in optoelectronic properties, they can create deep states of 

energy level inside the bandgap, in contrast to CH3NH3PbI3 in which 

methylammonium ions do not create additional gap states. The tendency for Cs 

to contribute to sub-bandgap states have been borne out by calculation in 

CsPbBr3 [12] and Cs2AgBiBr6 [13]. Based on these considerations, organic-

inorganic (CH3NH3)3Bi2I9 may have better defect tolerance properties as 

compared to inorganic Cs3Bi2I9. The tendency of Cs related defects to form, 

would also have implications for ionic transport within these semiconductors. 

 

Table 5.3: The defect formation energies (eV) of the neutral defects in Cs3Bi2I9 at 

chemical potential points A, B, C as shown in Figure 5.4 

 
VCs VBi VI Csi Bii Ii CsBi BiCs CsI ICs IBi BiI 

A 1.60 1.34 1.78 2.52 6.07 2.47 0.56 6.72 2.97 2.72 0.67 6.40 

B 2.27 2.90 1.21 1.85 4.51 3.04 1.46 5.83 1.73 3.96 2.81 4.27 

C 2.36 4.47 0.64 1.76 2.94 3.61 2.93 4.35 1.07 4.62 4.94 2.13 
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Figure 5.6: Calculated transition energy levels of various intrinsic defects. The white 

region represents the bandgap. 

 

5.7 Role of Crystal Structure on Defect Properties 

The role of defects is very critical for photovoltaics, as the formation of defects 

is inevitable in thin-films synthesis conditions necessary for device fabrication. 

They create energy states within the bandgap, leading to possible electron-hole 

recombination and degradation of the photovoltaic performances. The “superior 

optoelectronic properties” of MAPbI3 are often attributed to its excellent defect 

tolerant properties. For example, the formation energy of VI in MAPbI3 is found 

to be the smallest of the intrinsic defects, and therefore most likely to develop 

during synthesis [11]. However, VI also acts as a shallow donor in MAPbI3, thus 

contributing to charge transport only, rather than non-radiative recombination 

center. Although the absolute values of the formation energies of defects in 

MAPbI3 vary depending on the approximations and functionals, the benign 

nature of point defects is now universally accepted. The existing explanation for 

this defect tolerant property is primarily based on the unusual VBM and CBM 

characteristics of MAPbI3 [14, 15]. The antibonding nature drives the VBM to 

the higher energies than the interacting atomic orbitals.  Any cation vacancies in 

the vicinity of valence band would now resonate with the VBM and free the 
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bandgap from the defects. The donor vacancies, on the other hand, form near 

the CB and remain in resonance with the CBM due to the strong spin-orbit 

effect of Pb-I, which pulls down the CBM, thus prevents deep bandgap states. 

All these criteria are met in Bi-based perovskites, i.e., the presence of heavy 

elements and the partially oxidized Bi3+, resulting in antibonding characteristics 

in the band-edge. Nevertheless, the presence of defects, in particular, VI is 

prominent as a mid-bandgap state. One of the most plausible explanations of 

this behavior is the low-dimensional crystal structure of Bi-based iodide 

perovskites. Previously, the PDOS plot showed that there is significant 

hybridization between Bi(s), Bi(p), and I(p). For a clearer picture about the 

nature of chemical bonding, the band decomposed charge density near VBM 

and CBM is shown in Figure 5.7. From these figures, it is obvious that valence 

band and conduction band of Cs3Bi2I9 are both antibonding in nature. 

Interestingly, the interaction between two Bi atoms are also strongly covalent in 

nature, and each Bi atom has six-fold coordination with iodine atoms. In 

addition, the interactions between these Bi atoms and the bridging iodine atoms 

are also strong, while the terminal iodine has little influence on bonding 

hybridizations. As a consequence, the iodine vacancies are more likely to occur 

at the terminal sites due to weak bonding, which would further bring the Bi 

atoms closer together, leading to a stronger orbital hybridization. Despite the 

energy costs of the structural reorganization, the formation of stronger Bi-Bi 

bonds significantly reduces the overall energy of the system and energetically 

favors the trapping of electrons. In comparison, the Pb-Pb bonds in MAPbI3 are 

considerably weaker due to their longer bond length as compared to the 

distorted Bi-bioctahedra. This scenario is quite similar to Ge-based iodide 

perovskites which also exhibit deep trapping of VI type defects [16]. Therefore, 

the presence of heavy elements that are partially oxidized may not be sufficient 

conditions for defect tolerant behavior. Since the hybridizations also depend on 

the crystal structure, as in the case of Cs3Bi2I9, it would be essential to 
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understanding the chemical and crystal structure in the design of defect tolerant 

materials. A similar correlation can be found in TlBr in which VBr acts as 

shallow donor in simple cubic TlBr, while VBr creates deep bandgap states in 

rocksalt structure [17]. 

 

 

Figure 5.7: Band decomposed charge density near VBM (left) and CBM (right) of 

Cs3Bi2I9 along (110) plane of a unit cell. 

 

Our study, therefore, reveals the significant differences in electronic structure 

and properties between conventional Pb-based perovskites and Bi-based 

perovskites. We examined the important factors for good PV material by first-

principle calculations. The electronic bandstructure of Cs3Bi2I9 indicates the 

heavy effective mass of the carriers along with large indirect bandgap that 

would exclude its use in single junction solar cell. However, the main concern 

is the defect characteristics of these materials. Many defects with low formation 

energy form deep level states in the bandgap that acts as recombination centers 

in PV applications. Although the compound was initially thought to be defect 

tolerant [18], our calculations suggest otherwise. In general, based on our first 

principle calculations, we can suggest that the presence of deep-level defects 

can be a significant problem for the performance of the Bi-based ternary halide 

perovskites in the PV applications. It should be noted here that our study is 
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limited to the intrinsic point defects present in Cs3Bi2I9, which does not include 

the possibility of defect passivation by external doping or non-equilibrium 

synthesis that could lead to better performance of the same. 

5.8 Defect Passivation for Improved PV 

The first principle calculations on Cs3Bi2I9 revealed that the most likely defect 

to form during synthesis is VI and CsBi which can be retarded during synthesis 

in iodine-rich conditions. Since Cs3Bi2I9 does not exhibit the typical defect 

tolerant properties, we continued our investigations into the passivation of these 

defects. For this purpose, we modified our precursor solutions with excess BiI3 

that would provide an iodine-rich condition. Moreover, the excess BiI3 was also 

expected to prevent the CsBi antisites. To test our hypothesis, we conducted 

detailed investigations on Cs3Bi2I9 thin-films with varying excess BiI3 

concentrations and their effect on the photovoltaic properties. 

5.8.1 Structural and Optical Characterizations 

The thin-films fabricated with different amount of excess BiI3 were 

characterized by XRD, UV-Visible and luminescence spectroscopy. Figure 

5.8(a) shows the powder XRD patterns of the respective compositions. Powders 

of different stoichiometric ratio were collected after the precursor solution was 

drop-casted on the glass substrate and followed by annealing in vacuum oven at 

100 °C for 24 hrs. Interestingly, there is no noticeable change in peak positions 

or the peak intensities of the reflections until the addition of 20% excess BiI3, 

signifying no change in crystal structure. Further increase in BiI3 in the 

precursor solution resulted in formation of secondary peaks of BiI3. This 

observation is also confirmed by presence of another absorption peak near 1.7 

eV as for 30% excess BiI3 as illustrated in Figure 5.8(b). The morphology of the 

thin-films also remained unchanged even after adding excess BiI3 in the 

precursor solution concentration as shown in Figure 5.9. To confirm the 
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absence of any impurity phases, the atomic concentration was estimated using 

energy dispersive x-ray spectroscopic (EDX) study. Table 5.4 shows the atomic 

percentage in the thin-films fabricated with different BiI3 concentration. For a 

reference, we included the results from single crystal Cs3Bi2I9 also. Within the 

limitations of EDX, there are no drastic changes in the composition variation, 

rather the concentration of iodine atoms apparently increased with excess BiI3 

addition.  

 

 

Figure 5.8: Photophysical characterizations of Cs3Bi2I9 thin-films with varied BiI3 

concentration. (a) Powder XRD patterns of Cs3Bi2I9 produced by varying BiI3 

concentration in precursor solution. Data are shifted along Y-axis for easier 

comparison. (b) UV-Vis spectra of thin-films fabricated with different BiI3 

compositions in precursor solution. 
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Figure 5.9: SEM morphology of thin-films showing (a) pristine Cs3Bi2I9, (b) 10% 

excess BiI3, (c) 20% excess BiI3, and (d) 30% excess BiI3. The films were deposited on 

mesoporous TiO2 layer. 

 

Table 5.4: Atomic concentration of Cs3Bi2I9 single crystal and thin-films fabricated 

from different BiI3 concentration 

 

Expected 

(%) 

Single 

crystal (%) 

Stoichiometric 

(%) 

20% excess 

BiI3 (%) 

30% excess 

BiI3 (%) 

I 64.29 63.75 62.01 63.14 66.61 

Cs 21.43 20.99 24.74 19.03 18 

Bi 14.29 15.26 13.25 17.84 15.39 

(a) (b)

(c) (d)



Electronic structure of Cs3Bi2I9                                                            Chapter 5 

120 

 

The impact of excess BiI3 was further investigated qualitatively using 

luminescence spectroscopy as this technique directly correlate with the 

optoelectronic properties. Figure 5.10(a) shows the PL spectra from Cs3Bi2I9 

thin-films with varying BiI3 concentration.  As the PLQY of the thin films 

remained low and emission was broad in nature, quantitative analysis using 

photoluminescence was difficult. Nevertheless, the increase in intensity can be 

correlated with passivation of non-radiative trap states that are inherently 

present in Cs3Bi2I9. The similar results can also be observed with CL 

measurement (Figure 5.10(b)) in which the emission is red shifted with addition 

of excess BiI3. There may be formation of small BiI3 domains in the Cs3Bi2I9 

with a smaller bandgap, which is quite difficult to detect by conventional XRD 

at low concentration and become prominent at a higher fraction as revealed by 

XRD pattern of 30% excess BiI3. The decrease in CL bandgap at 30% excess 

BiI3 also supports the formation of BiI3, which lowers overall bandgap of the 

compounds like compound semiconductors such as AlxGa1-xAs. Hence, the 

excess BiI3 is most probably going inside the trap states and the structural 

disorders that are present in Cs3Bi2I9.  

 

 

Figure 5.10: Luminescence spectra of Cs3Bi2I9 thin-films. (a) PL, and (b) CL spectra 

(Ib = 0.2 nA) of Cs3Bi2I9 thin-films with varying BiI3 concentration. 
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5.8.2 Photovoltaic Performances 

To realize the impact of the defect passivation on the PV performances, 

mesoscopic solar cells with a structure of FTO/c-TiO2/mp-TiO2/Cs3Bi2I9/Spiro-

OMeTAD/Au were fabricated. The absorber layers were produced from 

precursor solutions of varying BiI3 concentrations. Rest of the layers were 

fabricated as described earlier. The typical cross-section SEM images of the 

solar cells are shown in Figure 5.11.  The thickness of the absorber layer across 

different precursor solution concentration remained same, indicating similar 

light absorption under operating conditions. The J-V responses of the solar cells 

are shown in Figure 5.12(a) and Table 5.5. It can be observed that with 

increasing BiI3 concentration in precursor solution, the photocurrent density 

increased till it reached a maximum value at 20% excess BiI3. From less than 

0.2 mA cm-2 photocurrent density that is achieved from stoichiometric 

precursor solution, we can reach more than 0.65 mA cm-2 photocurrent density 

with 20% excess BiI3 addition.  The best photovoltaic performance was 

obtained with 20% excess BiI3 addition with photovoltaic parameters: VOC = 

0.49 V, JSC = 0.67 mA cm-2 and FF = 63.6%, which resulted in 0.21% power 

conversion efficiency. However, with further increase in BiI3 concentration, the 

PCE of the solar cell devices deteriorate. Figure 5.12(b) graphically illustrates 

the change in VOC and JSC along the different amount of excess BiI3 

concentration. The VOC continuously decreases with increasing BiI3 

concentration in the precursor solution which is most likely due to reduction of 

series resistance across the solar cells. At high concentration, the appearance of 

secondary phases might be contributing in the increased recombination, leading 

to the reduction of VOC. The secondary phase is also responsible for the 

reduction in JSC at very high BiI3 concentration (more than 20% excess BiI3). 

The incident photon to current conversion efficiency was shown in Figure 5.13. 

The integrated current density matches well with the JSC from the solar cells. 

With increasing BiI3 concentration, the conversion efficiency (EQE) also 
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increases, indicating the reduction of defect states in the absorber layer. 

 

 

Figure 5.11: Cross-sectional SEM of Cs3Bi2I9-based mesoscopic solar cells fabricated 

with (a) stoichiometric, (b) 10% excess BiI3, (c) 20% excess BiI3, and (d) 30% excess 

BiI3 in precursor solution. 

 

(a) (b)

(c) (d)
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Figure 5.12: PV properties of Cs3Bi2I9-based solar cells. (a) J-V characteristics of 

Cs3Bi2I9 based mesoscopic solar cell with different precursor solution stoichiometry, 

(b) Change in VOC and JSC with excess BiI3 concentration in precursor solution. 

 

 

Figure 5.13: Incident current-to-photon conversion efficiency of mesoscopic Cs3Bi2I9-

based solar cells fabricated with different precursor solution compositions. 
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Table 5.5: J-V parameters of Cs3Bi2I9-based mesoscopic solar cell with different 

precursor solution compositions 

 VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Pristine Cs3Bi2I9 0.5 0.2 38.9 0.04 

5% excess BiI3 0.51 0.25 65.3 0.08 

10% excess BiI3 0.5 0.41 63.1 0.13 

20% excess BiI3 0.49 0.67 63.6 0.21 

30% excess BiI3 0.43 0.33 70.2 0.1 

40% excess BiI3 0.4 0.32 68.5 0.09 

 

Although the device performances are not promising for efficient photovoltaics, 

there is a clear indication of improvement of the materials as well as its 

properties that are important for optoelectronic applications by defect 

engineering. Hence, the improvement of photovoltaic performance with a small 

amount of excess BiI3 addition can be correlated with the passivating the 

intrinsic defects or structural disorder, as revealed by our simulation results. 

5.9 Conclusions 

In conclusion, we systematically investigated Cs3Bi2I9 by utilizing density 

functional theory (DFT) to highlight the important parameters of PV 

performances. The electronic bandstructure calculation revealed an indirect 

bandgap of ~2 eV, which itself is large for an efficient single junction solar 

cells. Moreover, the flat band nature of CBM and VBM indicates the heavy 

effective mass of the carriers, leading to poor charge transport across the solar 

cell devices. Most importantly, intrinsic defect characterizations revealed that 
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Cs3Bi2I9 might not be a defect tolerant compound as previously thought of.   

Nevertheless, as indicated from the calculation results, the optoelectronic 

properties of Cs3Bi2I9 can be improved by synthesizing in excess BiI3 

environment. Two major types of defects such as VI and CsBi most likely to be 

passivated by addition of excess BiI3 as revealed by our experimental 

investigations. The defect passivation by different stoichiometric conditions is 

very well reflected in the PV performances. The short-circuit current density 

(JSC) improved more than three times when the films were fabricated with 20% 

excess BiI3 precursor solution, keeping the other variable unchanged. 

Nevertheless, the PCE of the solar cells remains quite low for practical use in 

PV applications. Hence, based on all the above results, we conclude that poor 

charge transport and intrinsic defects may be the possible reasons for low 

performance of the Cs3Bi2I9-based solar cell. Beyond our findings above, 

further enhancement in performance in Bi-based solar cell can be expected by 

moving towards 3-D electronic structure which offers better charge transport 

properties than molecular structure of Cs3Bi2I9. 
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Chapter 6* 

 

Silver Bismuth Iodide: Crystal Structure, Morphology, 

and Photovoltaic Performance  

 

In this chapter, a novel bismuth-based ternary halide system – silver 

bismuth iodides are explored for photovoltaic applications. Like 

Cs3Bi2I9, thin-films of silver bismuth iodides exhibited facile solution 

processability, reasonable absorption coefficient, and atmospheric 

stability. Most notably, the mesoscopic solar cells with silver 

bismuth iodide as an absorber layer exhibited excellent power 

conversion efficiency as a lead-free solar cell material. In step 

further, with careful optimization of thin-film morphology, we 

achieved a power conversion efficiency of above 2.5% while 

fabricating the solar cells in ambient atmosphere.  

 

 

 

 *This section published substantially as Biplab Ghosh, Bo Wu, Guo Xintong, Padinhare C. 

Harikesh, Rohit Abraham John, Tom Baikie, Arramel, Andrew T. S. Wee, Claude Guet, Tze 

Chien Sum, Subodh Mhaisalkar, and Nripan Mathews. Superior performance of Silver Bismuth 

Iodide photovoltaics fabricated via dynamic hot-casting method under ambient conditions. 

Advanced Energy Materials (2019) 8, 1802051. DOI:10.1002/aenm.201802051 
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6.1 Introduction 

At first glance, bismuth-based iodide perovskites looked promising due to easy 

solution processability and the high absorption coefficient coupled with long 

excited-state carrier lifetime. However, as were demonstrated in the previous 

chapters, the charge extraction from the perovskite solar cells is severely 

hindered by the molecular nature of the crystal structure, in which the [Bi2I9]
3- 

bioctahedra are isolated by the A-site cations which does not take part in the 

bonding. Replacement of the A-site protonated cations with transition metal 

cations such as Ag or Cu results in a fascinating group of compounds called 

iodobismuthates. Apart from [BiI6]
3- octahedra formed due to Bi-I bonding, the 

transition metal cations also take part in bonding with iodine, resulting in 

another octahedron of [M’X6], where M’ is the transition metal cation and offer 

a three-dimensional network of iodobismuthate unit. 

Herein, we explored two phases of silver bismuth iodide (AgxBiI3+x) with the 

nominal compositions of AgBiI4 (x = 1) and Ag2BiI5 (x = 2) for photovoltaic 

applications in mesoscopic solar cell configurations. The optoelectronic 

investigations on AgxBiI3+x thin-films showed a smaller lifetime of the excited-

state charge carriers as compared to that of Cs3Bi2I9 thin-films. However, the 

solar cells exhibited more than 1% power conversion efficiency, thus 

supporting our hypothesis of poor performance in Cs3Bi2I9 due to the zero-

dimensional structure. Moreover, AgxBiI3+x-based solar cells can be fabricated 

in the ambient atmosphere, thus eliminating the need to stringent atmospheric 

control as required for Pb-based iodide perovskites. However, poor morphology 

and void formation during thin-film fabrication route appear to be a limiting 

factor in achieving high-efficiency solar cells. In this case, we developed a 

modified fabrication route by controlling the crystallization and grain growth to 

prepare high-quality AgxBiI3+x thin-films.  The resultant large grain thin-films 

exhibited full coverage on the mesoporous TiO2 surface and hence, enhanced 

photovoltaic performances.  
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6.2 Crystal Structure of Silver Bismuth Iodide 

Silver bismuth iodides, most notably amongst bismuthate family, were 

investigated earlier as a potential silver ion conductor, albeit their ionic 

conductivity was found to be poor [1]. However, their semiconducting bandgap 

opened new directions in optoelectronic applications. Interestingly, the nominal 

compositions of silver bismuth iodide phases always remained controversial in 

the literature, partly due to partial occupancies of Ag and Bi atoms and due high 

miscibility in solid solutions of the competing phases. In general, the solid 

solution of AgI and BiI3 can be represented by the general formula of 

M’aMbXa+3b where M’ and M denotes +1 cation and +3 cation respectively (the 

number represents the nominal charges), and X is the halide atom. Both M and 

M’ sites are surrounded by six halide atoms in an octahedral configuration in a 

close-pack crystal structure, exhibiting a coordination number of 6 (Figure 6.1). 

In comparison, the alkali cation (A) has a coordination number of 12, and M-site 

shows a coordination number of 8 in the perovskite structure (either in AMX3 of 

defect-assisted A3M2X9). Moreover, crystal structures of M’aMbXa+3b can be 

described by the ordered layers of alternating [M’X6] and [MX6], rather than 

corner sharing octahedral network of perovskites (Figure 6.1(b) and (c)).  
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Figure 6.1: Schematic illustration of AgxBiI3+x crystal structure. (a) AgBiI4 crystal 

structure showing partial occupancies of Ag and Bi atoms. (b) Ordered AgBiI4 crystal 

structure with alternating Ag and Bi atoms, (c) R 3̅m crystal structure of Ag2BiI5 

showing partial occupancies of Ag and Bi atoms in alternating lattice planes. (the red 

color represents Bi, green represents Ag and purple represents I atoms, the partial 

white atoms in Ag2BiI5 represents partial vacancy). 

 

In silver bismuth iodides system, depending upon the ratio of Ag-to-Bi, several 

different stoichiometric compositions can be derived; however, the exact 

stoichiometric composition is often eluded. Four different phases of Ag-Bi-I 

ternary system have been reported so far, with nominal formulas of AgBiI4, 

Ag3BiI6, Ag2BiI5, and AgBi2I7, yet there can be numerous possible 

combinations [1-3]. Of these, AgBi2I7 was found to be energetically 

unfavorable by DFT calculations in an earlier work [4]. The apparent phase 

with nominal composition AgBi2I7 was concluded to be an Ag-deficient 

AgBiI4, otherwise it would lead to an unphysically short Bi-I bond length.  On 

the other hand, both Ag3BiI6 and Ag2BiI5 possess a trigonal crystal structure 

(R3̅m) with similar lattice constants [1]. The Ag3BiI6 phase was found to stable 

at high temperature (above 500 ℃), although a metastable phase of similar 

composition can be observed by solid-state reaction according to the authors 

[5]. Recent work by Jung, et al. [6] suggested that only Ag2BiI5 can be formed 

(a) (b) (c)
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by solid-state reaction and is independent of precursor compositions [6]. Here 

we explore only AgBiI4 and Ag2BiI5 phases of the silver bismuthate system 

which are the most stable phases under normal processing conditions for 

possible PV applications. 

 

 

Figure 6.2: Thin-film XRD patterns of (a) AgBiI4 and (b) Ag2BiI5. The patterns were 

indexed with simulated pattern from crystal structures reported previously. The thin-

films were deposited onto glass substrate and annealed at 160 ℃. The major impurity 

phase in AgBiI4 is BiI3, and AgI in Ag2BiI5 which are indicated on the graph. 

 

Figure 6.2 illustrates the XRD patterns of the silver bismuth iodide thin-films 

with the nominal compositions of AgBiI4 and Ag2BiI5. The films were 

fabricated by dissolving required molar fraction of AgI and BiI3 in DMSO: 

DMF mixture (4:1 v/v), followed by spin coating and annealing at 160 ℃. It 

should be noted here that all the fabrication processes were carried out in the 

ambient atmosphere. The XRD patterns of the respective phases were indexed 
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with the simulated pattern from the crystal structures published earlier. Bearing 

in mind that exact compositions of the phases are often presented in a partial 

fraction of atomic units due to partial occupancy, which would be difficult to 

achieve in solution processable technique. Hence, all the compositions 

mentioned in this chapter are nominal composition, derived from the initial 

composition of the precursor solutions. Presence of some impurity phases was 

noted in our observations (marked with BiI3 and AgI in Figure 6.2), which can 

be assigned with either AgI, BiI3 or Ag2BiI5 phase as the reflection positions are 

quite similar for Ag-deficient AgBiI4, Ag2BiI5, and BiI3. In addition, by varying 

Ag-to-Bi molar ratios, the XRD analysis of the spin-coated thin-films revealed 

reflections consistent with the impurity phases AgI and Ag2BiI5. Hence, our 

observations were also consistent with previous studies that Ag3BiI6 phase may 

not be stable in the conventional spin coating route. With increasing Ag-to-Bi 

molar ratio, the reflections from unreacted AgI became increasingly evident in 

the XRD patterns as illustrated in Figure 6.3. 

 

 



Silver Bismuth Iodide                                                                             Chapter 6 

135 

 

 

 

Figure 6.3: X-ray diffraction patterns of the thin-films fabricated from precursor 

solutions with different Ag-to-Bi ratio. The films were deposited onto glass substrate 

and annealed at 160 ℃. The patterns were indexed with Ag2BiI5 phase. The magnified 

version from 22 to 26 ° (2θ) is shown in the inset. 

 

6.3 Optoelectronic Properties of Silver Bismuth Iodide 

Figure 6.4(a) shows the optical absorption spectra of AgBiI4 and Ag2BiI5 thin-

films deposited on a flat glass slide. Both the phases showed an absorption 

onset around 700 nm, which is ~100 nm red-shift from Bi-based zero-

dimensional perovskites. The absorption coefficient (~3×104 cm-1) was found to 

be comparable with Cs3Bi2I9. The band gaps extracted from Tauc plot (Figure 

6.4(b)) relationship for the indirect bandgap relationship gave 1.66 eV and 1.7 

eV for AgBiI4 and Ag2BiI5 respectively, which are in good agreement with 

previous reports [3, 6, 7]. The absorption spectrum of Ag2BiI5 showed a distinct 

absorption peak around 3 eV, which may be due to excess AgI in the thin-films 
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as indicated by the XRD analysis (Figure 6.2(b)). Nevertheless, both the 

compounds did not show any observable photoluminescence under the room 

temperature measurement.  

 

 

 

Figure 6.4: Optical properties of AgxBiI3+x. (a) Optical absorption spectra of AgBiI4 

and Ag2BiI5 thin-films measured from 800 nm to 300 nm wavelength. (b) Tauc plot 

illustrating the estimation of indirect optical bandgap. 

 

Since radiative processes are not prevalent in this system, the excited-states 

carrier kinetics were monitored through transient absorption (TA) spectroscopy. 

As shown in Figure 6.5(a), the kinetics of the excited state carriers are similar 

for both the phases, implying similar fate of the excited state carriers after 

photoexcitation. The TA spectra showed a strong photo-bleaching (PB) feature 

(i.e., negative ΔA) around 2.1 eV (~590 nm) and 2.05 eV (~605 nm) for AgBiI4 

and Ag2BiI5 respectively, followed by a photo-induced absorption (PIA) (i.e., 

positive ΔA) peak at longer wavelengths.  Interestingly, the PB peak positions 

in both compounds do not correspond to their steady-state absorption edges; 

instead, they have the same position with the small hump near the absorption 

edges. This indicates the absorption edge of the two compounds comprise of an 

absorption continuum and an exciton absorption band which are not spectrally 

well resolved.  The PB is then most likely due to the change of the excitonic 
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absorption resulting from the photoexcited carrier relaxation to the indirect 

band edge. Similar observations can also be found in Pb-based halide 

perovskites, where Elliot’s theory has been quite useful in deconvoluting the 

contribution of the continuum and the excitonic absorption in the absorption 

spectra [8]. Using a similar framework, the absorption spectra of AgBiI4 and 

Ag2BiI5 were modelled using Elliot’s equation (the details can be found in the 

experimental section). A direct bandgap of 2.37 eV and 2.2 eV were found for 

AgBiI4 and Ag2BiI5 respectively from the fitting of absorption spectra as 

illustrated in Figure 6.5(b). The direct exciton binding energies as estimated by 

the fittings are about 260 meV and 150 meV for AgBiI4 and Ag2BiI5 

respectively. However, these numbers are only approximate due to the 

broadness of the spectra lines that arise from system disorder. Nevertheless, the 

fitting results can perfectly explain the observed TA profiles by involving 

excitonic absorption. Carriers which relax to the indirect band edge can change 

the excited state exciton feature (oscillation strength, linewidth, and energy) 

through phase-space filling, carrier-exciton scattering, Stark effect, etc. 

Considering the negligible excited species at the direct exciton band in the 

presence of a lower-lying indirect bandgap, the observed decay dynamics at the 

PB is not due to the relaxation and recombination of excitons themselves, but 

instead due to the carriers at the indirect band edge. This is clearly seen in 

Figure 6.5(c), where the PB decay dynamics of both films shows long lifetimes 

up to tens of ns, which is much longer than the typical values of excitons. The 

decay dynamics were fitted using the bi-exponential decay formula: 

   𝐼(𝑡) = 𝐴2  exp (−𝑡/𝜏1 ) + 𝐴2 exp (−𝑡/𝜏2)           (1) 

where τ1 and τ2 are the short and long recombination lifetimes. Non single-

exponential decay is commonly seen in many perovskite polycrystalline films, 

and usually arose from distributions of crystal size or trap states, non-

radiative/radiative recombination and surface/bulk recombination difference, 

etc. [9-12] A fast component of τ1 ≈ 7 ns and τ1 ≈ 11 ns along with the slower 
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components of τ2 ≈ 29 ns and τ2 ≈ 74 ns were observed for AgBiI4 and Ag2BiI5 

thin-films. Interestingly, the lifetime values are much faster as compared to the 

results obtained with Cs3Bi2I9 and as well with the reported values of MAPbI3. 

This faster decay times in AgxBiI3+x system may be strongly limited by the 

surface recombination, structural defects, intrinsic impurities or competing 

phases. These findings also indicate that defect tolerant nature in AgxBiI3+x-

system most probably absent, thus limiting the high-performance solar cell 

applications. 

 

 

Figure 6.5: Optoelectronic characterizations of AgxBiI3+x thin-films. (a) Transient 

absorption spectra, (b) absorption spectra fitted with Elliot’s theory, (c) decay 

dynamics of the photobleached (PB) peak as shown in (a). 
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6.4 Transport Properties 

As the excited state carrier lifetimes are moderate, a reasonable value of the 

carrier mobility can improve the product of μτ that controls the efficiency of 

charge extraction in PV applications. A four-point AC Hall measurement 

system was employed to estimate the carrier density and the mobility of silver 

bismuth iodide thin-films. Both AgBiI4 and Ag2BiI5 thin films displayed 

moderate carrier densities (4.21 × 1014 cm-3 and 3.91 × 1014 cm-3 respectively) 

and good carrier mobilities (1.74 ± 0.3 cm2 V-1s-1 and 2.26 ± 0.3 cm2 V-1s-1 

respectively) with a p-type character. Although the mobilities are smaller than 

MAPbI3, they are comparable with other high-performing thin-films PV 

semiconductors such as CIGS or CZTSSe measured using similar techniques 

and much higher as compared to our results with Cs3Bi2I9 [10, 13]. 

6.5 Energetics of Silver Bismuth Iodide 

To determine the energy levels of VBM and CBM, which are one of the key 

parameters in designing the PSCs, Ultraviolet Photoelectron Spectroscopy 

(UPS) measurement was employed. The valence band maximum (VBM) of 

Ag2BiI5 (-5.7 eV) was found to be about 0.15 eV deeper as compared to 

AgBiI4. Using indirect optical bandgap values as estimated from Tauc plot, the 

conduction band minimum (CBM) was found to be -4.0 eV and -3.88 eV for 

AgBiI4 and Ag2BiI5 respectively. Figure 6.6(b) shows the energy levels AgBiI4 

and Ag2BiI5 along with the several HTMs that are commonly employed with 

Pb-based halide solar cells. 
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Figure 6.6: Energetics of AgxBiI3+x system. (a) Ultraviolet Photoelectrons 

spectroscopy measurement of AgBiI4 and Ag2BiI5 thin-films deposited on FTO coated 

glass substrate. The average film thickness was 500 nm. (b) Schematic diagram and 

energetics of AgxBiI3+x-based solar cells employing different charge transport layers. 

 

6.6 Silver Bismuth Iodide-based Solar Cell 

To investigate the PV performance, we utilized the mesoscopic device 

architecture with TiO2 as ETL. The optimizations of mesoporous layer 

thickness and screening of suitable HTM were carried out using AgBiI4 as an 

absorber layer. The details of the solar cell fabrication process can be found in 

the experimental chapter. However, unlike Cs3Bi2I9-based devices, the AgBiI4-

based solar cells were fabricated in the ambient atmosphere with a relative 

humidity of 60-75%. The solar cells were characterized at 10 mV s-1 scan rate 

under simulated AM1.5 illumination.  

6.6.1 Effect of mp-TiO2 Layer Thickness 

The thickness of mesoporous TiO2 (mp-TiO2) layer was controlled by varying 

spin speed during spin coating of the mesoporous layer. For this investigation, 

mp-TiO2 layer thicknesses of 330 nm, 300 nm, 250 nm, and 200 nm were used 
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along with Spiro-OMeTAD was used as HTM. The thicknesses of the other 

layers were kept identical for all the devices. The average photovoltaic 

parameters were provided in Table 6.1, and the statistical distribution is shown 

in Figure 6.7. From the data, it is evident that too thick or too thin mp-TiO2 

layer yielded poor results, and the highest performance was obtained with an 

mp-TiO2 layer thickness of 250 nm. The J-V curves of the best devices are 

shown in Figure 6.8(a). The dependence of PV performance on the mp-TiO2 

layer thickness is likely to relate to the loading of the absorber layer and series 

resistance imparted by the mp-TiO2 [14]. The initial improvement of PCE with 

decreasing mp-TiO2 layer thickness is most likely due to a decrease in series 

resistance and efficient extraction. However, a very thin mp-TiO2 (here 200 nm) 

also reduces the surface area for loading of absorber material, thus reducing JSC 

and eventually PCE. 

 

Table 6.1: PV parameters of AgBiI4-based mesoscopic solar cells with different TiO2 

layer thickness 

 

 

 VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

330 nm 0.53 ± 0.02 1.48 ± 0.08 64.45 ± 5.44 0.50 ± 0.02 

300 nm 0.56 ± 0.02 2.18 ± 0.15 67.13 ± 1.68 0.82 ± 0.06 

250 nm 0.59 ± 0.03 2.61 ± 0.06 66.76 ± 1.72 1.02 ± 0.04 

200 nm 0.56 ± 0.02 2.16 ± 0.06 67.30 ± 2.98 0.82 ± 0.03 
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Figure 6.7: Statistical distributions of PV parameters of AgBiI4-based solar cells. (a) 

open circuit voltage (VOC), (b) short-circuit current density (JSC), (c) fill factor, and (d) 

power conversion efficiency (PCE) as a function of mp-TiO2 layer thickness. Data 

were derived from at least 4 separate devices. 
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Figure 6.8: J-V characteristics of the best solar cell fabricated (a) with different mp-

TiO2 layer thickness with Spiro-OMeTAD as HTM, (b) employing different HTMs 

with TiO2 as ETL. 

 

6.6.2 Screening of HTMs for AgBiI4-based Solar Cell 

Over the years, various organic and inorganic HTMs are successfully utilized 

for Pb-based perovskite solar cells. Here, we chose four different organic HTMs 

(Spiro-OMeTAD, PTAA, P3HT, PTPD) and one inorganic HTM (CuSCN) to 

investigate the effect on AgBiI4-based mesoscopic solar cells. The energetics of 

these HTMs are well-matched with AgBiI4, thus expecting an efficient charge 

transfer at the interface (Figure 6.6). All the HTMs were deposited on top of 

AgBiI4 layer by spin coating methods. The photovoltaic parameters of solar 

cells with different HTMs averaged from at least four devices are summarized 

in Table 6.2 and Figure 6.9. The J-V curves of the best solar cells are displayed 

in Figure 6.8(b). The maximum JSC was obtained from the solar cells with 

PTAA as HTM. Coupled with reasonable VOC and FF, the AgBiI4-based solar 

cells exhibited the maximum PCE of 1.4%. Although similar PCE was also 

obtained with P3HT, the reproducibility was found to be poor. Interestingly, 

solar cells with PTPD as HTM, showed the maximum VOC of 0.53 V amongst 

these HTMs, however, JSC and FF were found to be poor, resulting in poor 

PCE. 
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Table 6.2: PV parameters of AgBiI4-based mesoscopic solar cells with different HTM 

 

 VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

CuSCN 0.46 ± 0.02 1.72 ± 0.23 73.83 ± 1.13 0.58 ± 0.05 

PTAA 0.48 ± 0.01 4.42 ± 0.07 67.10 ± 1.77 1.43 ± 0.04 

Spiro-OMeTAD 0.40 ± 0.02 2.95 ± 0.51 55.83 ± 3.06 0.65 ± 0.10 

P3HT 0.44 ± 0.01 3.92 ± 0.88 68.15 ± 3.00 1.18 ± 0.31 

PTPD 0.53 ± 0.02 1.12 ± 0.35 34.08 ± 3.54 0.21 ± 0.09 

 

 

Figure 6.9: Statistical distribution of PV parameters of AgBiI4-based solar cells 

employing different HTMs. 

 

6.6.3 Performance AgxBiI3+x-based Solar Cell 

Based on previous screening results, we also fabricated Ag2BiI5-based 

mesoscopic solar cells. Figure 6.10(a) shows J-V curves of the best performing 

mesoscopic solar cells based on AgBiI4 and Ag2BiI5 as an absorber layer with 
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250 nm thick mesoporous TiO2 scaffold and PTAA as HTM. The 

corresponding incident photon to current conversion efficiency (IPCE) values 

are also shown in Figure 6.10(b). The integrated short-circuit density matches 

well with the solar cell JSC for AgBiI4-based solar cells, however, Ag2BiI5-

based solar cells exhibited smaller JSC as compared to the IPCE values. One of 

the possible reasons might be excess photo carrier generations which are 

discussed later. 

 

 

Figure 6.10: PV parameters of the best solar cells. (a) J-V curves of the AgBiI4 and 

Ag2BiI5-based solar cells. (b) The corresponding IPCE plot of the solar cells presented 

in (a). 

 

6.7 Crystallinity Engineering of AgxBiI3+x Thin-films 

The silver bismuth iodide-based mesoscopic solar cells already outperformed 

Bi-based iodide perovskites in terms of PCEs with high photocurrent density 

due to smaller bandgap and connected three-dimensional crystal structure as 

observed in the former. However, as illustrated in Figure 6.11(a, c), AgBiI thin-

films exhibit poor surface coverage on the mesoporous TiO2 layer which 

increases the recombination sites at the ETL-HTM interfaces, limiting further 

improvement of PCEs. Similar problems on Pb-based halide perovskite thin-

films were overcome by an antisolvent treatment technique. Typically, a poor 

300 400 500 600 700 800
0

10

20

30

40

 AgBiI
4

 Ag
2
BiI

5

Wavelength (nm)

E
x
te

rn
a
l 
q

u
a

n
tu

m
 e

ff
ic

ie
n

c
y

 (
%

)

0

1

2

3

4

5

6

 I
n

te
g

ra
te

d
 c

u
rr

e
n

t 
d

e
n

s
it

y
 (

m
A

c
m

-2
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

1

2

3

4

5

C
u

rr
e

n
t 

D
e

n
s

it
y

 (
m

A
c

m
-2

)

Voltage (V)

 AgBiI
4

 Ag
2
BiI

5

(a) (b)



Silver Bismuth Iodide                                                                             Chapter 6 

146 

 

solvent is dripped during spin coating of MAPbI3 precursor solution, 

accomplishing faster nucleation of the intermediate phase on the substrate and 

subsequently controlled grain growth to achieve uniform morphology. 

However, the antisolvent treatment resulted in the void formation in the 

absorber layer as illustrated in the device cross-sectional SEM images (Figure 

6.11(b, d)). 

 

 

Figure 6.11: SEM images of AgBiI4 (a, b) and Ag2BiI5 (c, d) thin-films fabricated by 

NSC, showing top morphology (a, c) and solar cell device cross-section (b, d). 

 

Hence, to improve the surface morphology without having a negative impact on 

the absorber layer, we developed a modified spin coating technique in which 

the preheated precursor solution (at 100 ℃) was drop-casted onto the preheated 
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substrates (at 100 ℃) during spinning. Later, the substrates were further 

annealed at 160 ℃ to complete the grain growth. We call this method as 

dynamic hot casting (DHC) technique. The resultant morphology of the thin-

films was found to be compact, uniform and consists of micron-sized grains as 

shown in Figure 6.12. 

 

 

Figure 6.12: SEM images of AgBiI4 (a, b) and Ag2BiI5 (c, d) thin-films fabricated by 

DHC, showing top morphology (a, c) and solar cell device cross-section (b, d). Scale 

bars 500 nm. 

 

6.7.1 Photophysical Characterizations of Thin-films 

The thin-films fabricated via DHC method were characterized by XRD, UV-Vis 

spectroscopy, and TAS for structural and optoelectronic properties. Figure 

6.13(a) shows the XRD patterns of AgBiI4 and Ag2BiI5 thin-films deposited on 

(a) (b)

(c) (d)
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mp-TiO2 by NSC and DHC technique. As it is evident that there are no 

structural changes according to the XRD patterns. However, the absence of 

TiO2 peak in DHC films confirms the complete coverage of AgBiI4 on mp-TiO2 

which has a strong presence in the XRD patterns of NSC AgBiI4 films. A 

similar conclusion can also be drawn from the XRD patterns of Ag2BiI5 thin-

films on mp-TiO2. Although there is still mp-TiO2 peak in DHC Ag2BiI5 films, 

however, the intensity of that peak is reduced as compared to the XRD patterns 

of NSC Ag2BiI5 films. The no structural change can also be confirmed by 

absorption and TA spectra. There are no changes in optical bandgap according 

to UV-Vis spectroscopy (Figure 6.13(b)) as well as TA spectra show similar 

excited state carrier dynamics as we observed for NSC thin-films previously 

(Figure 6.13(c)). Nevertheless, the decay dynamics of the excited state carriers 

exhibited longer lifetime as compared to NSC thin-films for both AgBiI4 and 

Ag2BiI5 phases. With DHC, a marked improvement in the slower component of 

the excited state carrier lifetime was observed with values of τ2 ≈ 75 ns and 133 

ns for AgBiI4 and Ag2BiI5 thin-films respectively. Similar observations can be 

made from the optical absorption spectra of NSC and DHC thin-films. As 

shown in Figure 6.13(b), slope of the absorption edge of AgBiI4/Ag2BiI5 thin-

films fabricated via DHC method is steeper as compared to the thin-films 

fabricated via NSC technique, which is due to the reduction of structural 

disorder. Hence, the enhanced carrier lifetime and stronger absorption at the 

bandedge can be correlated with the improved grain size and passivation of trap 

states in the thin-films fabricated by the DHC technique. 

 



Silver Bismuth Iodide                                                                             Chapter 6 

149 

 

 

Figure 6.13: Structural and optoelectronic characterizations of AgxBiI3+x system. (a) 

XRD patterns of AgBiI4 and Ag2BiI5 thin-films deposited on mp-TiO2 via NSC and 

DHC method (the mp-TiO2 peak is illustrated). (b) Optical absorption spectra of 

AgBiI4 and Ag2BiI5 thin-films deposited on flat glass substrate via NSC and DHC 

methods. The short dash lines and solid lines indicate the NSC and DHC method 

respectively. (c) The transient absorption spectra of AgBiI4 and Ag2BiI5 thin-films 

deposited via NSC and DHC methods. (d) The decay dynamics of excited state carriers 

at the 595 nm and 605 nm for AgBiI4 and Ag2BiI5 respectively. The films were 

deposited on quartz substrates 

 

6.7.2 Possible Mechanism of DHC Technique 

As evident from the structural, morphology and optoelectronic 

characterizations, the thin-films fabricated via DHC method exhibited better 

surface coverage and uniform morphology with large crystallite size as 

compared to the thin-films fabricated by NSC. A plausible explanation for this 
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observation is that the DHC method offers better control over local 

supersaturation of the precursor solution. In typical spin coating, the 

morphology and crystallite sizes of the thin-films depend on the nucleation and 

grain growth, which again depends on the level of precursor supersaturation 

[15]. Now, for Pb-based halide perovskites, the most common way to control 

the level of supersaturation is the use of antisolvents. In conventional 

antisolvent-assisted thin-film fabrication, the solubility of the precursor is high 

(high level of supersaturation necessary for nucleation) at the beginning of spin 

coating. During spinning, antisolvent is suddenly added on the film surface, 

which reduces the solubility of the precursor in the solvent (low level of 

supersaturation is sufficient for nucleation), resulting in rapid and uniform 

nucleation onset and therefore compact film morphology (Figure 6.14(top)). 

The use of antisolvents to control the supersaturation during spinning has been 

successfully demonstrated in fabricating lead-based halide perovskite thin-films 

devices with superior performances [16, 17]. However, a similar treatment on 

silver bismuth iodide resulted in voids and pinholes after thermal annealing 

(Figure 6.11(b, d)). We speculate that due to fast crystallization process during 

antisolvent treatment, some of the DMSO remain entrapped inside the thin 

films ( due to the high boiling point of 189 ℃) [3]. Figure 14 schematically 

illustrates the crystallization process during NSC and DHC technique. During 

the post-annealing process, the excess solvent creates voids inside the thin-films 

and resulted in poor morphology. We also observed similar effects with 

conventional hot casting technique. On the other hand, in DHC, hot precursor 

solution was dripped slowly on the heated substrate during the spinning stage. 

We hypothesize that nucleation does not start at the initial contact with the 

mesoporous layer because of the high surface temperature. However, as the 

centrifugal force during spinning allowed the solvent to be removed 

simultaneously, it resulted in a supersaturated solution on top of the 

mesoporous TiO2 layer. This resulted in a rapid nucleation onset with very little 
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solvent to be left for trapping.  As the dripping process is continuous, it allowed 

to have layer-like precipitation on top of TiO2, and subsequently grain growth 

takes place during the post-annealing process. Hence, unlike the commonly 

used antisolvent treatment in which the crystallization starts on the top of the 

films, the mesoporous TiO2 surface acts as a nucleation site in DHC method, 

which resulted in uniform and compact thin-films. 

 

 

Figure 6.14: Schematic illustration of the proposed crystallization process in thin-films 

fabricated by normal spin coating (top) and dynamic hot casting (DHC) techniques 

(bottom). 

 

6.7.3 Photovoltaic Performance of DHC Thin-films 

To further illustrate the effect on photovoltaic performance, we fabricated silver 

bismuth iodide-based mesoporous solar cells with a device configuration of 

FTO/c-TiO2/mp-TiO2/absorber/PTAA/Au. The photovoltaic parameters are 

shown in Figure 6.15 and presented in Table 6.3. The most notable 

improvement in the PV parameters is the VOC which is around 0.7 V now as 

compared to 0.5 V for the solar cells fabricated by NSC technique. The AgBiI4-

based solar cells reached a maximum PCE of 2.2% which is nearly 57% 

improvement over NSC treated solar cells. On the other hand, we achieved a 
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maximum efficiency of 2.84% with Ag2BiI5-based solar cell which is more than 

77% improvement over NSC device. The champion devices yielded power 

conversion efficiencies of ~2.2% and 2.84% under 1 Sun illumination, which 

were the world record at the time of publication for solution processed AgBiI4 

and Ag2BiI5-based solar cells. The J-V curves of the champion devices are 

shown in Figure 6.16(a) under forward and reverse bias conditions which show 

negligible hysteresis. The significant improvement in the PCEs could be 

attributed to better surface coverage on mesoporous TiO2 along with the 

reduction of trap states, resulting in improved excited-state carrier lifetime. 

Figure 6.16(b) illustrates the incident photon to current conversion efficiency 

(IPCE) over the spectral range of 300 to 750 nm for AgBiI4 and Ag2BiI5-based 

solar cells fabricated by DHC. The IPCE spectra show good agreement with the 

absorption onset of the thin-films. However, the integrated current densities 

from IPCE spectra were calculated to be 6.6 mA cm-2 and 7.9 mA cm-2 as 

compared to 5.24 mA cm-2 and 5.95 mA cm-2, calculated from J-V 

measurement by under illumination by simulated AM1.5 sun for AgBiI4 and 

Ag2BiI5 respectively. This indicates better performance of the silver bismuth 

iodide based solar cells under low-intensity light (maximum PCE of 3.3% at 

31.6 mW cm-2). To understand the mismatch between IPCE and solar spectrum 

current densities, J-V measurements of Ag2BiI5-based solar cells were 

performed under varying light intensities, ranging from 10 mW cm-2 to 100 

mW cm-2. The J-V curves of Ag2BiI5-based solar cells at the different intensity 

of simulated light is shown in Figure 6.17(a). Figure 6.17(b) illustrates the 

dependence of JSC and VOC on the solar spectrum intensity. The current 

generation depicted a sublinear relationship with gradual saturation at higher 

intensities, indicating a lower charge collection efficiency at higher light 

intensity. This can be attributed to an imbalanced electron-hole mobility, or 

space-charge limited photocurrent due to the non-optimal thickness of 

electron/hole transport layers [18]. A semi-logarithmic plot of VOC against light 
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intensity exhibited a slope of 1.5kT/q, indicating trap-assisted recombination 

near VOC. This was also confirmed by variation of the FF at different light 

intensities. A maximum FF of 68.6% is achieved at 31.6 mW cm-2 light 

intensity, implying minimal charge carrier recombination at relatively lower 

light intensity due to low carrier generation [19]. 

 

 

Figure 6.15: Statistical distribution of PV parameters of AgBiI4 and Ag2BiI5-based 

mesoscopic solar cells fabricated via DHC method. 

 

Table 6.3: PV parameters of AgxBiI3+x-based mesoscopic solar cells fabricated via 

DHC technique 

 

 

  VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

AgBiI4 Average 0.65 ± 0.02 4.90 ± 0.32 59.98 ± 4.40 1.90 ± 0.16 

 Best 0.67 5.24 62.09 2.19 

Ag2BiI5 
Average 0.67 ± 0.02 5.67 ± 0.33 63.14 ± 3.37 2.39 ± 0.17 

Best 0.69 5.95 68.90 2.84 
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Figure 6.16: PV characterizations of AgBiI4 and Ag2BiI5-based mesoscopic solar cells 

fabricated via DHC technique. (a) J-V characteristics of the solar cells measured under 

forward and reverse bias conditions. (b) IPCE of the same solar cells and the integrated 

short-circuit photocurrent density. 

 

 

Figure 6.17: Ag2BiI5-based mesoscopic solar cells characterizations under different 

light intensity. (a) J-V characteristics of the solar cells under varying intensity of 

simulated light from 10 mW cm-2 to 100 mW cm-2. (b) The variation of the VOC and JSC 

under different light intensity as obtained from the light intensity dependent J-V 

measurement. 

 

6.8 Stability of Ag2BiI5-based Solar Cells 

In addition to the PCE, the stability of the perovskite solar cells remained an 

important factor. Figure 6.18 shows the photostability of Ag2BiI5-based 

mesoscopic solar cells. At a constant reverse bias (0.6 V), the current density 
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was monitored under continuous light illumination. Our devices show no 

degradation in photocurrent over 200 s. We further investigated the stability of 

the solar cells in ambient atmosphere, and the PV parameters are shown in 

Figure 6.19. The devices were stored in the ambient atmosphere at ~22 ℃ and a 

relative humidity of 60-75% and remained stable over a month. The VOC of the 

devices remained nearly the same within this period, but the efficiencies 

dropped slightly. The slow decrease in efficiency is mostly due to the decrease 

in current density which may be due to degradation at the HTM interface as the 

VOC of the devices remain the same within this period. 

 

 

Figure 6.18: Stabilized current density (normalized) of Ag2BiI5-based solar cell at 

continuous illumination of AM1.5 G at a constant voltage bias of 0.6 V. 
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Figure 6.19: Photovoltaic parameters of Ag2BiI5-based mesoporous solar cells 

fabricated by DHC over a month (stored in ambient atmosphere under ≥65% RH at 22 

C). 

 

6.9 Conclusions 

In summary, we introduced a modified technique of spin coating for lead-free 

bismuth-based ternary halide solar cells. In this dynamic hot casting technique, 

the preheated precursor solutions were drop-cast onto preheated substrates 

during spinning in ambient atmosphere. With faster crystallization and rapid 

removal of precursor solution, micron-sized grains were observed; resulting in 

improved photovoltaic performance from silver bismuth iodide based 

mesoscopic solar cells. Interestingly, the solar cells performed better under 

lower intensity light that can further be explored for indoor applications. With 

further optimization in device fabrications, the power conversion efficiency can 

be improved. 
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Chapter 7 

 

Concluding Remarks and Future Outlook 

 

This chapter threads together all the results obtained in this study 

and puts them in the perspective of the current state of lead-free PV 

research. The results obtained are compared with the objectives 

initially laid out for this work and are evaluated in terms of the 

novel contributions. The limitations of the work are also 

highlighted, targeted to aid in streamlining future direction towards 

more efficient lead-free solar cells and a framework for the 

screening of lead-free perovskites for PV applications. 
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7.1 Conclusions 

Solution-processed lead halide perovskites established themselves as the most 

important absorber material for PV, and are recognized as one of the biggest 

scientific breakthroughs of the year 2013 by Science [1-4]. Unfortunately, the 

over-reliance on highly toxic Pb2+ and long-term instability remain key issues 

for widespread commercial applications. The significant concentration of Pb2+ 

in highly-efficient halide perovskites and their water solubility make it 

extremely hazardous compound [5]. Another apparent issue is the inherent 

instability of lead-based halide perovskites in the ambient atmosphere [6]. 

Although the stability of Pb-based halide perovskites has been improved 

impressively in recent times along with the simultaneous development of 

passivation techniques, PSCs still do not match with current commercial 

benchmark. In addition, the fabrication of lead-based halide perovskites also 

requires stringent environmental control, further impinging their large-scale 

production [7-10]. To address these potential issues, the present project is 

conducted to explore the possible replacement of lead by non-toxic bismuth in 

perovskite structure. Throughout the present project, several conclusions are 

detailed below:  

Bismuth-based ternary halides are well-known in coordination chemistry due to 

their rich structural diversity with varied building blocks of inorganic motifs. 

For PV applications, we followed the concept of MAPbI3, in which the 

respective halide salts are dissolved together for perovskite synthesis. In 

addition to near-zero toxicity, good atmospheric stability, and solution 

processability, bismuth halide perovskites were expected to exhibit similar 

optoelectronic properties like MAPbI3 due to similarities in bonding 

environment. In this essence, replacing lead with bismuth deemed to be a 

favorable option for fabricating lead-free perovskite solar cells. Our 

investigations showed that Bi-based iodide perovskites crystallize into low-
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dimensional structure with the chemical formula of A3Bi2I9 (A = Cs, MA, FA), 

which exhibited excellent absorption in the visible wavelength range. With a 

bandgap of 2 eV, these compounds could be easily used in tandem solar cell 

configurations. However, the photovoltaic performance of Cs3Bi2I9-based 

mesoscopic solar cells was found to be poor as compared to Pb-based halide 

perovskites. Although transient absorption spectroscopy studies revealed the 

presence of long-lived excited-state carriers, the radiative recombination in 

Cs3Bi2I9 was short-lived and limited by intrinsic defects. This contrastive 

phenomenon was further clarified by first principle calculations based on DFT.  

To complement our experimental results, we embarked on theoretical 

investigations to highlights the limits and strategies to improve PV 

performance. Based on DFT calculations, the bandgap was confirmed to be 

indirect in nature along with the presence of heavy carriers. This definitely 

limits the PV performance of Cs3Bi2I9 in thin-film solar cells. Further 

investigations on the defect properties unravel the presence of intrinsic defects 

that act as non-radiative recombination centers. It should be mentioned here that 

our selection strategy was partially based on defect tolerant semiconductor like 

MAPbI3. Although the electronic structure of Cs3Bi2I9 in the photoactive region 

is quite similar to MAPbI3, the defect properties appear to be very different. The 

most plausible reason for the different defect chemistry would be the low-

dimensional crystal structure of Bi-based iodide perovskites. Nevertheless, 

taking a cue from DFT results, we demonstrated that the PV performance of 

Cs3Bi2I9-based mesoscopic solar cells can be improved by mitigating specific 

defects.  

The primary role of A-site cations in perovskite structure is to donate an 

electron to the inorganic octahedral network and stabilize the perovskite crystal 

structure. For Bi-based iodide perovskites, the A-site cations also act as a spacer 

between [Bi2I9]
3- bioctahedra. This leads to a zero-dimensional crystal structure, 
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in which the excited-state carriers localized, making the charge extraction 

extremely difficult as was evident from our study. Despite the poor power 

conversion efficiencies achieved, our study revealed that low-dimensional 

crystal structure of Bi-based halide perovskites remains a major bottleneck in 

achieving highly efficient solar cells. Considering the interesting electronic 

configurations of bismuth, as it offers strong relativistic effects and ns2 

electrons, we concluded that higher dimensional analogues of Bi-based ternary 

halides would be more suitable for PV applications.  

To induce a continuous network of crystal structure, we introduce Ag+ in place 

of protonated cations, which resulted in silver bismuth iodide (AgxBiI3+x) 

system. The resultant PV performance was also promising, reaching a PCE 

value of ~3% in mesoscopic solar cell architecture. This opens a new avenue 

for lead-free thin-film solar cells as perovskite-inspired materials. Apart from 

solution processable route, the fabrication of AgxBiI3+x-based solar cells were 

performed in ambient atmosphere, which is a massive advantage over Pb-based 

halide perovskites. Since silver bismuth iodide system does not offer the defect 

tolerant properties as evident from photoluminescence spectroscopy, the high 

photocurrent as observed in mesoscopic solar cells is most probably due to 

efficient extraction due to charge delocalization.  Further improvement in PCE 

is expected by passivating the defects during solar cell fabrications.  

7.2 Future Perspectives 

7.2.1 Design and Discovery of Lead-free Perovskites via Machine 

Learning 

An Edisonian experimental search for lead-free perovskites via trial-and-error 

approaches is unpractical considering the time, resources and uncertainties in 

laboratory conditions. An inverse design approach (applied in this work on a 

small scale) would be more suitable to rapidly screen the unknown class of 
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materials for photovoltaic applications. High throughput calculations based on 

DFT have already been utilized to predict and screen the potential non-toxic 

candidate for perovskite solar cell applications. However, the materials space 

remained limited considering the complex nature of the crystal structures and 

machine-time required for accurate calculations. In this context, materials 

discovery via machine-learning (ML) methods is likely to be in forefront due to 

their easy implementations, wider context, learning ability, and cost-effective 

approach. Traditionally, materials properties targeting specific application, are 

the input for ML tools, which generates a complex function to predict novel 

materials. Recently, ML has been used for predicting and designing novel oxide 

perovskites from the various simulated and experimental database [11-17]. In a 

similar approach, ML tools can be effectively utilized in predicting unknown 

class of perovskites suitable for PV applications. However, the biggest 

challenge remains is the feature set to describe the materials accurately. A 

proper study on the structure that is most influential in determining the crystal 

properties is still lacking. 

7.2.2 Combinatorial Synthesis of Perovskites 

Although property-based inverse design remained fruitful in modern scientific 

investigations, a combinatorial approach would also be interesting to find 

alternatives of lead-based perovskite. In combinatorial synthesis, massive 

amount of diverse materials can be synthesized in parallel, coupled with 

different characterization techniques. Additionally, the exploration of different 

stoichiometric regime for a given composition can also be examined efficiently 

by combinatorial route. Recent work by Wong, et al. [18] demonstrated the 

application of the evaporation-based combinatorial approach to predict several 

Pd- and Sn-based halide perovskites for photovoltaics. Moreover, combinatorial 

synthesis can also be used as newer data set for ML tool, which is often limited 

by theoretical calculations. 
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7.2.3 Non-perovskite Crystal Structure 

As was discussed in this thesis, the nature of bonding and crystal structure play 

the most important roles in defining the optoelectronic properties of halide 

perovskites. Being low-dimensional structure, Bi-based A3Bi2I9 performed 

poorly, whereas AgxBiI3+x showed promising PV performance although the 

latter does not form perovskite structure. The higher crystal symmetry and 

connected network might be the most plausible reason for reasonable PV 

performance from silver bismuth iodide system. In this context, perovskite-

related phases such as antiperovskite or spinel would be an interesting class of 

materials for optoelectronic applications. In contrast to conventional perovskite 

structure, anion and cation roles are reversed in antiperovskite structure, which 

also exhibits connected octahedral network and tunable optoelectronic 

properties. Spinels, on the other hand, can be considered as an alternating 

octahedral and tetrahedral network with a chemical formula of AB2X4 (A, B are 

different size cations, X is anion). The complementary properties of tetrahedral 

(such as Si) and octahedral (such as MAPbI3) coordination can lead to a viable 

route for an emerging photovoltaic absorber. 

7.2.4 Alternative Synthesis Route 

The systematic approach to select bismuth as a replacement of lead was based 

on the similarity in electronic structure at the photoactive region of these 

semiconductors. Our investigations showed that the screening criterion is 

logical, but not sufficient to warrant discovery of high-performance 

semiconductor for PV applications. However, it is too early to completely rule 

out the Bi-based zero-dimensional perovskites for optoelectronic applications. 

A recent work has shown that ultra-thin Cs3Bi2I9 layer (~5 nm) exhibits 

remarkable photodetector properties and can be used as flexible memristor [19]. 

Further optimizations on the thin-film morphology and a better control over 

stoichiometry could see further improvement of PCE of these low-dimensional 
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perovskites.  

In a broader context, compact and pin-hole free thin-film formation remained a 

significant challenge for lead-free absorber materials. An important area of 

focus would be controlling defects, which have a significant impact on device 

functionality. Majority of synthesis procedures are based on Pb-based halide 

perovskites system, which may not be suitable for lead-free compounds. 

Complex fabrication methods (antisolvent treatment, solvent annealing, 

controlling the partial pressure of the precursor) further complicate the 

fabrication routes for lead-free compounds. For example, many of the predicted 

lead-free compounds are found to be challenging to synthesize via solution 

processable route due to their poor solubility in organic solvents. High-vacuum 

thermal evaporation route, which offers better control over stoichiometry, can 

be a viable option for fabricating lead-free solar cells. Mitzi and co-workers 

[20] recently utilized thermal evaporation route to deposited thin-films of InI, 

which is nearly insoluble in most of the organic solvents. The ability to grow 

high electronic quality crystals and thin-films will be the basis to achieve 

further improvements in the efficiency of lead-free perovskite-based 

optoelectronic devices. 
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Bismuth-based Double Perovskites 

To further illustrate the effect of dimensionality, we briefly studied Bi-based 

double perovskites for PV applications. Bismuth-based halide double 

perovskite was first reported by Slavney, et al. [1] using a combination of Ag+ 

and Bi3+ cations to mimic Pb2+ in the perovskite crystal structure. Following 

their lead, we studied cesium silver bismuth bromide (Cs2AgBiBr6) double 

perovskites as an absorber material in mesoscopic solar cell architecture. Figure 

A.1(a) shows the thin-films and powder XRD patterns of Cs2AgBiBr6 which 

show excellent agreement with the calculated XRD pattern. The thin-films of 

Cs2AgBiBr6 was fabricated by dissolving stoichiometric composition in 

DMSO, followed by conventional spin-coating and annealing at 160 ℃ inside 

an Ar-filled glovebox. The powders of Cs2AgBiBr6 was collected after 

precipitation from HBr solution having stoichiometric compositions. Figure 

A.1(b) shows the UV-Vis absorption spectrum of the thin-films deposited onto 

glass substrate. Tauc plot was used to calculate an indirect bandgap of 2.25 eV 

as shown in the inset.   
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Figure A.1: Photo-physical characterizations of Cs2AgBiBr6 double perovskites. (a) 

XRD patterns of Cs2AgBiBr6 thin-films and powders. The bottom panel shows the 

calculated XRD pattern from single crystal data, (b) UV-Vis absorption spectrum of 

Cs2AgBiBr6 thin-films. Inset: Tauc plot showing bandgap assuming indirect bandgap. 

 

To assess the photovoltaic performance of Cs2AgBiBr6, we fabricated solar cell 

devices based on mesoscopic architecture as follows: FTO/c-TiO2/mp-

TiO2/Cs2AgBiBr6/Spiro-OMeTAD/Au. Figure A.2 shows the J-V responses of 

Cs2AgBiBr6-based solar cell measured under 1 sun illumination. Despite having 

a large optical bandgap, the solar cells showed excellent PCE as compared to 

our earlier results with Cs3Bi2I9. The increase in photocurrent in Cs2AgBiBr6-

based solar cells, even having a larger indirect bandgap, can be attributed to its 

continuous network of octahedral. The delocalization of charge carriers over 

many units of octahedral aids in efficient extraction and collection of the 

charges, which was absent in the zero-dimensional Bi-based perovskites. 
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Figure A.2: J-V characteristics of Cs2AgBiBr6-based mesoscopic solar cells (solar cell 

parameters are shown in the inset). 

In conclusion, the inherent charge localization due to quantum confinement 

effect in low-dimensional Bi-based iodide perovskites cause a major problem in 

achieving high PCE. Similar observations can also be made in the current 

literature on lead-free perovskite solar cells. To fully exploit the advantages of 

Bi-based halide perovskites, more emphasis should be given on the crystal 

structure engineering. One of the possible paths would be doping with 

isostructural elements to stabilize the order-disordered crystal structure 

(rocksalt). 
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